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Page 161. Part II.  Caption for Figure 5 should read:  
City-specific relative risks in the ACS Study.

Page 162. Part II.  Caption for Figure 6 should read:
Shape of concentration-response function (with standardized residuals plotted) for
cities in the ACS Study.

Page 174. Part II.  Table 32.  After “O3 (ppb)” in the left column, append footnote b that reads:
“b Based on daily 1-hour maximum concentrations.”

Page 178. Part II.  Table 33.  For O3 (second row from bottom), in the column “Description of
Covariate and Source of Data”, the entry should read exactly like the other three:
“Daily average concentrations averaged by year for 1980; from residential, commercial,
or mobile monitors”

Page 259. Health Review Committee's Commentary.  Gaseous Copollutants section.  The third
sentence should read:
“For four gaseous copollutants (carbon monoxide, nitrogen dioxide, ozone, and sulfur
dioxide), city-specific annual means of daily average concentrations from the year
1980 were obtained from AIRS and used in the reanalysis (see Appendix E, Part II).”

At the end of the same paragraph, add this sentence:
“For this analysis, the ozone values were based on daily 1-hour maximum
concentrations.”

Part II, Appendix E (available on request)
Page 5.  Gaseous Copollutants section.  The second sentence should read:

“Daily average concentrations of NO2, sulfur dioxide, ozone, and carbon monoxide
were obtained from 1980 to 1989, in addition to the daily one-hour maximum
concentrations of ozone.”
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* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.

† The original article appears in its entirety at the end of this Special
Report.

This is one section of an HEI Special Report that includes an HEI State-
ment about the research project, a Preface to the Particle Epidemiology
Reanalysis Project, the Investigators’ Report (Introduction, Summary, Part
I, and Part II), a Commentary by the Institute’s Health Review Committee,
and the Original Articles and Comments on the Reanalysis from the Origi-
nal Investigators. Correspondence concerning Part I: Replication and Vali-
dation may be addressed to Dr Daniel Krewski, Professor of Epidemiology
& Statistics, Department of Epidemiology & Community Medicine, Room
3229C, 451 Smyth Road, University of Ottawa, Ottawa Ontario K1H 8M5,
Canada.

Although this document was produced with partial funding by the United
States Environmental Protection Agency under Assistance Award R824835
to the Health Effects Institute, it has not been subjected to the Agency’s
peer and administrative review and therefore may not necessarily reflect
the views of the Agency, and no official endorsement by it should be
inferred. The contents of this document also have not been reviewed by
private party institutions, including those that support the Health Effects
Institute; therefore, it may not reflect the views or policies of these parties,
and no endorsement by them should be inferred.

THE HARVARD SIX CITIES STUDY

The Harvard Six Cities Study (hereafter referred to as
the Six Cities Study) is a unique, long-term, prospective
cohort study designed to evaluate the health effects of
exposure to various airborne pollutants. The present
reanalysis focused only on that portion of the entire Six
Cities Study in which the Original Investigators analyzed
an epidemiologic association between mortality and air
pollution levels measured from 1977 through 1985, the
results of which were reported in the New England Journal
of Medicine (NEJM)* by Dockery and associates (1993)†.
For that epidemiologic analysis, the study population con-
sisted of a random sample of 8,111 white men and women
who were between the ages of 25 and 74 years and who
resided in one of six US cities at the time of enrollment:
Steubenville OH, St Louis MO, Portage WI, Topeka KS,
Watertown MA, and Kingston-Harriman TN (hereafter
referred to as Harriman).

The data used in the Six Cities Study were derived from
questionnaires completed by participants at their time of
entry into the study, starting in 1974. Data were also
obtained from follow-up questionnaires completed 3, 6, and
12 years after the time of enrollment. The questionnaires

were used to elicit information about age, sex, weight,
height, education level, smoking history, occupational
exposure, and medical history (examples of original and
follow-up questionnaires and the coding guidelines are
included as Appendix C).

Mortality was assessed during 14 to 16 years of follow-
up (totaling 111,076 person-years of follow-up) and 1,430
deaths among the 8,111 subjects were ascertained. Mor-
tality status was determined using information collected
from mailings to subjects and by searching the National
Death Index (NDI) for the period 1979 through 1989.
Underlying causes of death were coded according to the
International Classification of Diseases, Ninth Revision
(ICD-9) (World Health Organization 1975). Deaths from
respiratory diseases (ICD-9 codes 485–495), cardiovascular
diseases (ICD-9 codes 400–440), lung cancer (ICD-9 code
162), and deaths from all other causes were analyzed sepa-
rately. These causes of death were coded by an external,
certified nosologist not affiliated with the research team.
The development of an air pollution database formed an
integral component of the original study. Within each of
the six communities, ambient concentrations of fine parti-
cles (PM2.5), total suspended particles (TSP), sulfur
dioxide (SO2), ozone (O3), nitrogen dioxide (NO2), and
sulfate (SO4

2�) were measured at a centrally located air
monitoring station established specifically for the Six
Cities Study. Long-term mean concentrations for each pol-
lutant were calculated for periods that were consistent
among the six cities. Concentrations of fine particles were
collected from 1979 through 1985.

Survival analysis was used to evaluate the association
between air pollution and mortality. Life-table survival
probabilities for each year of follow-up were estimated for
each city, and differences between city-specific mortality
rates were assessed using the log-rank test. Cox propor-
tional-hazards models were used to estimate mortality rate
ratios for airborne pollutants while simultaneously
adjusting for potentially confounding variables. These
variables included cigarette smoking, level of education,
body mass index (BMI), and occupational exposures to
gas, fumes, or dust. In these models, the subjects were
stratified according to sex and 5-year age groups, thereby
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permitting the specification of a baseline hazard within
each stratum of sex and age.

AUDIT OF STUDY POPULATION DATA

Data Provided and Source Documents Accessible for the 
Data Audit

Many of the personnel who were key to the Six Cities
Study were still available at Harvard School of Public
Health (HSPH) at the time of this reanalysis. Dr Douglas
Dockery and Ms Martha Fay (among others) were available
to answer questions and to locate relevant data and records.
In planning for the data audit and throughout the site visits,
the Audit Team (see Appendix A) had the full and generous
cooperation and assistance of the HSPH staff. 

The original Six Cities Study protocol was not found in
the archives and could not be supplied by the Original
Investigators. Nevertheless, the Original Investigators
provided the Audit Team with a Statistical Application
Software (SAS) electronic data file (referred to herein as
“Mort6C.file”), which was a copy of the Six Cities data-
base (referred to herein as “Mort6C/HSPH.file”) that had
been used for the mortality and air pollution analyses. The
Original Investigators also supplied a copy of the code
book describing each of these variables. (At least three dif-
ferent formal code books had been used during the Six
Cities Study.) The Mort6C.file did not contain any infor-
mation that could be used to identify the individual study
participants.

Records were provided during site visits that contained
individual identifier information. These included com-
pleted questionnaires, subject tracking sheets (known as
“pink sheets” for their color), follow-up postcards, death
certificates, spirometry sheets, and printouts of computer
programs. These records included names, addresses,
Social Security Numbers (SSNs), lifestyle habits, and med-
ical history with spirometry printouts, cause of death,
names and addresses of relatives, and place of burial. The
Audit Team was able to link these records while on site to
the Mort6C.file, which did not contain individual identi-
fier information. The Original Investigators provided
study participants with several written assurances that
confidentiality of these records would be maintained
throughout the study. Therefore, the Audit Team agreed to
be bound by these same confidentiality requirements. No
original records, copies, or notes pertaining to individual
identifiers were removed from the site of the audit. Even
subject identification numbers (SIDs) were considered
confidential and no reference was made to these records in
any audit reports.

Existing quality assurance (QA) audits that had been
carried out during the course of the study also were made
available to the Audit Team.

Sampling the Dataset and Assessing Error Rates in the 
Original Data

Subjects had been selected in each of the six cities at
random using household voting lists, private census lists,
partial blocks from street lists, or alphabetized name lists.
The Audit Team did not audit the methods for the selec-
tion of subjects in the study because none of the source
documents could be located, and because the methods
have been described in great detail by Ferris and col-
leagues (1979), including the methods used for minimiz-
ing biases in selecting subjects in each city (see Table 1 in
Ferris et al 1979).

The Audit Team conducted data audits using two sub-
sets of 250 subjects, each randomly selected. Some sub-
jects happened to be randomly assigned to both audit
samples: the subset of the study population and the subset
of deceased subjects. This provided some overlap between
the two subsets, which functioned as a check on the
auditing system.

We chose this sample size for three reasons:

• it would ensure virtual certainty of finding some 
errors even if the true error rate was as small as 1%;

• it would be sufficiently large to distinguish between 
error rates of 1% and 5% with reasonable confidence; 
and

• it would produce quite accurate estimates of error 
rates, usually within two to four percentage points of 
the true value.

Original Investigators’ Internal Procedures

Questionnaires and mortality records had been thor-
oughly audited by Ms Fay and internal reports dated Feb-
ruary 11, 1981, and March 2, 1981, were made available to
the Audit Team. These reports described the scope of the
internal audits and the problems found in the study on a
variable-by-variable basis. At the time of the first internal
audit, error rates by variable ranged from 0% to 23.6%,
largely due to inconsistent coding. After corrective actions
were taken, the second internal audit showed that the error
rates generally fell in the range of 0% to 1% for the
majority of variables. These audit reports described the
nature of the errors and the decisions made about correc-
tive actions. Some errors noted were so minor in nature
that they would not be expected to affect the integrity of
the study or the results. In some cases, the documentation
showed that decisions were made not to correct variables
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for which the error rates were low in frequency. It is clear
from these internal audits that most errors were functions
of the evolution of the forms used in the study. For
example, Ms Fay had found that the education variable on
Form 1-71 had an error rate of 18.6% due to a reformatting
problem in the fine gradations of some educational levels.
There was an inconsistency between the forms as to
whether sixth grade constituted the end of grade school or
the beginning of high school. The Original Investigators
considered the possibility of reformatting the original
database, but decided not to because these fine gradations
were not relevant to the statistical analyses to be con-
ducted in the future.

These audits demonstrated to the Audit Team that
during the conduct of the study, the investigators were
concerned with issues of data quality and that they took
the steps necessary to eliminate or reduce the impact of
these problems.

Original Investigators’ Data Collection and Computer 
Processing

The Audit Team evaluated the documentation of data
collection procedures while auditing the questionnaires
(administered at baseline) and death certificates, and veri-
fied for each subject in the two audit subsets the recorded
value of each variable.

For the questionnaires and mortality data, coding
conventions and rules were generally quite clear and well

documented. As the forms in the study changed, the
methods for interpreting the data using established coding
conventions and rules were also clear. The resolutions of
any discrepancies in coding were well documented.
“Missing” data points were handled consistently. In the
beginning of the Six Cities Study (late 1970s and early
1980s), data were recorded via handwritten records, typed
documents, and computer punch cards; in later years,
many versions of computer software were used to record
information and data. For the questionnaires and mortality
records, the Audit Team was able to start with question-
naires or death certificates and follow the data trail to the
Mort6C.file.

Subset of Study Population: Questionnaires

Different versions of the questionnaires were used in
different years and different locations in the study. For
Watertown, Harriman, and St Louis, the earliest question-
naire was Form 1-71. For Steubenville and some subjects
in Topeka, the earliest version was Form 77 (1-76). For the
remaining subjects in Topeka and all of Portage, Form 77
(1-76) or Form 78 (1/77) was used. [Form 78 (1/77) and
follow-up Form 82 (8/81) are included in Appendix C.]
Revisions appeared to have been made to facilitate the
accurate recording and coding of responses. Early forms
allowed for ambiguous responses, particularly in the occu-
pational exposure sections.

Table 1. List of Questionnaire Variables for Reanalysis Team to Audit and the Criteria for Declaring Errors in the 
Six Cities Study

Original Questionnaire Variable Subvariable Criteriaa

Subject identification number Match with city and questionnaire (also match 
with other records)

Any difference

Sex Any difference
Exposure to dusts Total years of occupational exposure to dust Any difference
Exposure to fumes Total years of occupational exposure to fumes or gases Any difference

Education Category assignment (more or less than high school) Any difference
Diabetes Any difference
High blood pressure Any difference

Smoking status Current-, former-, or never-smoker Any difference
Current-smoker pack-years Any difference
Former-smoker pack-years Any difference

Height Any difference
Weight Any difference
Body mass index Calculated variable that was not audited directly Same to whole number

Initiation date of subject on study Any difference
Time-on-study Any difference

a Any difference between the Mort6C.file and the questionnaires.
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The Audit Team coordinator met with the Reanalysis
Team to determine which variables in the Mort6C.file
would be audited against the Six Cities questionnaires.
Table 1 presents the list of 15 variables selected for the
audit. We also tried to determine criteria for what would
constitute “an error” in the original data, but found that an
a priori definition was of limited value. We therefore
decided to record any difference found between the
Mort6C.file and the questionnaires.

For each of the 15 variables chosen for the data audit, we
compared the data in the Mort6C.file with the data on the
initial questionnaires to verify that the information
recorded on the questionnaires had been correctly entered
into the database.

Questionnaire Variables The Audit Team reviewed
only the data derived from the questionnaires that were
administered at enrollment. We could not audit variables
for 1 (0.4%) of the 250 study participants because the
initial questionnaire for that individual was missing from
the file. A check of files directly before and after this folder
failed to locate the missing questionnaire. We did find
subsequent questionnaires and other documentation for
this subject. 

Depending on the variable under examination, more
than one auditor evaluated each of the remaining
249 questionnaires in the study population subset. In
cases of apparent discrepancies between the Mort6C.file
and the questionnaire for any variable, we followed a
number of steps to verify that a difference actually existed.
If the discrepancy could not be resolved in this way, we
gave a detailed written description of the discrepancy to
study personnel, who consulted computer programs, other
documents, or individuals and then provided a response
to the Audit Team.

Table 2 summarizes the percentage of errors the Audit
Team found in the variables we examined for the question-
naires.

Subject Identification Number We matched each SID
from the Mort6C.file with the SID on each questionnaire.
Furthermore, we matched SIDs and personal identification
on questionnaires to any other records filed for the same
subject: other records included postcards, pink cover
tracking sheets, and death certificates. The SID contained a
code for the city so the SID checking process also con-
firmed that the individual was assigned to the correct city.
We noted no errors in SIDs in any part of the study.

Race We did not formally audit the race of the subjects
because “white” was noted in the inclusion criteria and

demographic distribution for the study. However, as we
reviewed the questionnaires, we noted no instances that
did not meet the established criteria.

Sex The sex of the subject from the questionnaire was
converted to a binary code in the Mort6C.file. We checked
each code against the questionnaire. In addition, because
we had access to personal identification information and
subjects’ medical histories, we were also able to informally
verify that the coded information in the Mort6C.file was
correct. For example, a subject reported to be female might
have corresponding sex-specific medical information;
also, many names are culturally considered to refer prima-
rily to one gender. Although these were not absolutes (eg,
some men have breast cancer, and some women are named
“Billie”), they were flags to the auditors to check further
into study data to confirm the questionnaire information.
We found no errors in this variable in the audit subset.

Table 2. Audit Results for a Subset of the Six Cities 
Study Population

Variable
Number of

Records

Number of
Inconsis-
tencies Percentage

Date of birth 250 0 0.0
Sex 250 0 0.0

Occupational exposure
Job exposure to dust 249 14 5.6
Total years of 

exposure to dust
249 0 0.0

Job exposure to 
fumes or gases

249 15 6.0

Total years of 
exposure to fumes 
or gases

249 0 0.0

Education level 250 0 0.0
Diabetes 250 0 0.0
High blood pressure 250 0 0.0

Smoking status 250 0 0.0
Current cigarette 
smoker (pack-years)

250 0 0.0

Former cigarette 
smoker (pack-years)

250 0 0.0

Height (meters) 250 8 3.2
Weight (pounds) 250 2 0.8
Body mass index 250 0 0.0

First year of follow-up 250 0 0.0
Last year of follow-up 250 0 0.0
Time-on-study (years) 250 0 0.0
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Exposure to Dust, Fumes, and Gases Information regard-
ing lifetime occupational exposures to dust, fumes, and
gases was requested in the section on residential and
occupational history, page 2 of Form 1-71 (used for
Watertown, Harriman, and St Louis). Industry, job, and
materials handled were requested with approximate dates.
Information was coded by years of exposure to dust and
years of exposure to fumes, and a dichotomous variable was
created. During an earlier internal audit of 89 Form 1-71
questionnaires, the investigators had found inconsistencies
in the coding of these exposure data (a 15.7% coding error
rate for occupational exposure to dust, and a 12.4% error
rate for occupational exposure to fumes and gases. The
dichotomous variable was not subjected to an internal
audit).

We audited the data for occupational exposure variables
against information listed on the initial questionnaire. We
found the highest percentage of inconsistencies in the
coding of occupational exposure to dust, fumes, and gases.
Most of the coding errors in these variables were from the
earliest form of the questionnaire, used in Watertown,
Harriman, and St Louis. The section for occupational his-
tory on Form 1-71 allowed for variability in the way the
interviewer recorded information. We found start and stop
dates for exposure difficult to determine because no space
had been provided on the form for the interviewer to sum-
marize years of exposure. Of the 14 coding errors for the
dust category, 12 involved the early questionnaire. Of the
two errors in the later version, one was a rounding error.
For the exposure to fumes category, 13 of 15 coding errors
involved the first questionnaire. The two errors we noted
in the later version were both due to rounding errors.

On the revised questionnaire used for Steubenville and
for some respondents in Topeka [Form 77 (1-76)], a “years
of exposure” column was added for dust and fumes and
this information had been directly coded. The Audit Team
found some inconsistencies in rounding of data. The only
frank error we identified was that on one questionnaire,
26 years of exposure to coal dust had not been noted in the
summary column and was not captured electronically.

We found exposures to dust in offices, schools, and
libraries to have been coded inconsistently. For example,
two long-time teachers had been coded as “0” exposure to
dust, whereas another had been assigned a dust code rep-
resenting “40” years, and dust in a library had been coded
for another subject. No criteria used to classify exposures
were mentioned in the code books.

Other potential inconsistencies included a bookkeeper
in a service station with a code for “7” years of exposure to
fumes (carbon monoxide). Another subject’s 5 years of
employment as a service station attendant had not been

coded (this subject had other exposures to fumes for 8
years). In most cases, the subject’s description of “mate-
rials handled” guided the coding, even if the information
was not consistent with the job title. For example, a long-
time carpenter did not mention dust exposure and had
been coded as “0”. A construction worker did not mention
exposures and had also been coded as “0” for dust. The
Audit Team did not note these as errors because the code
book guidelines were to code information in the “materials
handled” column. Nevertheless, we noted that the “0”
codes for occupational exposures were not necessarily
accurate descriptors.

The Original Investigators collapsed the fumes and
gases exposure data into a binary variable of yes-no occu-
pational exposure. Therefore, the rounding errors and
questions about duration of exposure would not have
affected this binary variable. However, recording a “0” for
occupational exposure in cases such as the carpenter and
construction worker would have influenced the binary cat-
egorization. The Audit Team questioned the assignment of
“0” for dust exposure in 7 cases and for fumes and gases in
9 cases.

In summary, the Audit Team found (1) 14/249 (5.6%)
inconsistencies for occupational exposure to dust:
1 rounding error, 2 overestimates of exposure, and 11
underestimates of exposure; and (2) 15/249 (6.0%) incon-
sistencies for occupational exposure to fumes: 2 rounding
errors, 2 overestimates of exposure, and 11 underestimates
of exposure. Underestimates typically had been coded
“0” years.

Education As previously discussed, contemporary
internal audits showed errors in recording levels of educa-
tion because of the forms used and the fine distinctions
present on the questionnaires. Form 77 (1-76) (used for all
of Steubenville and some subjects in Topeka) contained a
misprint so that code “1” meant “grade school not com-
pleted”. The older Form 1-71 (for Watertown, Harriman,
and St Louis) used code “1” to mean “grade school com-
pleted”. Some interviewers using Form 77 (1-76) had
crossed out the word “not” and coded this as “1” for “grade
school completed” to make it consistent with the previous
form. The Audit Team found several instances of this.

Diabetes Subjects were asked if their doctor had ever said
they had diabetes or if they had been told they had sugar in
their urine. No errors were found in the 249 questionnaires
examined.

High Blood Pressure Subjects were queried as to whether
they had been told their blood pressure was high and if



46

Part I: Replication and Validation

they had been treated for it in the last 10 years. In one case,
the auditors concluded that notes written on the margin of
the questionnaire suggested that a woman who had been
coded as not having high blood pressure was likely treated
for hypertension. This was not considered a coding error.

Smoking Status Subjects in this study were classified as
current-smokers, former-smokers, or those who never
smoked. This variable referred only to cigarettes because
the coding protocol allowed cigar and pipe smokers to be
classified as nonsmokers. We checked the Mort6C.file for
each of the 249 subjects to determine that subjects classified
as “nonsmokers” had no history of cigarette smoking, that
“former-smokers” had matching data for former-smokers,
and that “current-smokers” were matched with current
smoking data. We found no differences in this variable.

Pack-Years for Current-Smokers and Former-Smokers
An internal audit from 1981 showed that the calculation of
pack-years of smoking cigarettes had been somewhat
inconsistent in this study. The rules for calculating this
variable had not been followed closely, especially for data
from the earliest Form 1-71 with regard to “total amount of
cigarettes currently smoked” and to “periods of smoking
abstinence”. Early calculations appear to have introduced
a six-month correction factor to address the idea that
people probably did not begin smoking on January 1 of a
given year and did not stop smoking on December 31.
Smoking data for respondents who initially completed
Forms 77 (1-76) and 78 (1/77) were different from those for
subjects who were interviewed using Form 1-71 because
the six-month correction factor was dropped from later
calculations. Furthermore, this study included a number
of subjects who smoked their own hand-rolled cigarettes,
and the use of hand-rolled cigarettes was factored into the
total consumption. The 1981 internal audit clearly
described limitations in how these problems in smoking
data could be addressed. It concluded that the change from
Form 1-71 to Forms 77 (1-76) and 78 (1/77) resulted in an
underestimate of smoking pack-years by about 3% in the
three cities where Form 1-71 was used (Watertown,
Harriman, and St Louis).

The Audit Team spent a considerable amount of time
resolving issues about smoking data. We discussed with Dr
Dockery and Ms Fay the rules and formulas for recalcu-
lating pack-years, and then performed recalculations on
the basis of these discussions and the documentation
present in the code books. The Audit Team confirmed the
findings of the 1981 internal audit; specifically, a slight
underestimate of smoking for former-smokers versus

current-smokers due to changes in the forms, and a slight
underestimate (approximately 3%) of pack-years of
smoking in the study.

Height, Weight, and Body Mass Index Height and weight
were measured by the interviewers and recorded manually
on the questionnaires. We audited height and weight
against the Mort6C/HSPH.file because the printout of
Mort6C.file provided to the Audit Team supplied only the
aggregate calculation of BMI. After the audit, values for
height and weight from the Mort6C/HSPH.file were vali-
dated against the Mort6C.file.

The audit of the height variable revealed six instances in
which the Mort6C.file and the questionnaires differed.
One was a simple rounding error; in the other five cases,
the data file had been changed because subsequent
spirometry measurements or questionnaires showed that
the initial measurements of height had been inaccurate.

The audit of the weight variable revealed two differ-
ences, of which one was a simple rounding error. The
other was for one of the subjects whose initial height mea-
surement had been recorded incorrectly and changed later.
Likewise, the subject’s weight had been changed from 121
to 140 pounds. During the data editing phase, corrections
were made to the data by the investigators whenever pos-
sible. It is possible that this change in weight was made
during the editing process. Given the changes in data for
this subject, we concluded that the original height and
weight data had accidently been recorded in opposite
fields for this individual.

These differences demonstrate the Original Investiga-
tors’ attention to the consistency of data over time and
have no negative impact on the study’s results. Our recal-
culation of BMI revealed that differences were due only to
the height and weight values as discussed. Our recalcula-
tion of the overall mean BMI for each city, as reported in
Table 1 of the NEJM publication (see Table 17a), showed
very minor differences.

Initiation Date of Subject on Study We crosschecked the
date of enrollment into the study against the date of the
interview on the initial questionnaire, the Mort6C.file pro-
vided to the Reanalysis Team, and the precursor file at
HSPH (Mort6C/HSPH.file). For one subject, the month
reported on the questionnaire was poorly legible; it
appeared to us that the handwritten date of the interview
could be November instead of December. The December
date appeared in the Mort6C.file and in the Mort6C/
HSPH.file. All other enrollment dates matched in their
entirety (mm/dd/yr) for the audit subset.
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Time-on-Study (Initiation Date and Last Date) We could
not audit “time-on-study” directly because it was a cal-
culated variable. The calculation depended upon what
cutoff date had been used for each city. Another factor in
verifying these calculations was that some records had
been updated after the ending date for the study analyses.

If the Audit Team found that the subject had died
between the dates of completing the initial questionnaire
and the last date of follow-up for that city, we verified the
date of death against the death certificate (or, in cases
where no death certificate was available, against informa-
tion supplied by the subject’s family) and calculated the
time-on-study accordingly. To audit this vital status vari-
able for subjects who had not died during follow-up, we
used information on dates from the last completed ques-
tionnaire, the pink cover tracking sheet, work cards, some
summary computer printouts, and postcards that were
sent periodically to study participants and returned by
them. We compared all of this information against interim
printouts from the Mort6C/HSPH.file.

After we completed the audit for time-on-study in
Watertown, several discrepancies were noted in the data
for each of the other five cities. When we discussed this
with Ms Fay and Dr Dockery, a search of their records
showed that an error in a computer program had resulted
in some data for some subjects not being updated in each
of the other five cities. This led to a loss in the total
number of years of follow-up. (In epidemiologic studies,
this is referred to as “early censorship of person-years of
follow-up”.) For the Audit Team’s subset of 249 subjects,
Dr Dockery and Ms Fay re-created the time-on-study and
found a loss of approximately 1% in the reported person-
years for the entire study. The Original Investigators also
provided a summary of the entire study showing the
number of subjects in each city for which early censorship

of data had occurred (Table 3). Early censorship was great-
er in Portage and Topeka than in other cities.

Subset of Deceased Subjects: Death Certificates

The Audit Team randomly selected another indepen-
dent subset of 250 SID numbers that had been coded as
deceased in the Mort6C.file. We examined the 248 (92.2%)
of the matching death certificates that were found. We
compared the following information in the Mort6C.file
and the source documents:

• date of death in Mort6C.file against the date of death 
on the retrieved death certificate;

• identifying information of subjects contained on the 
death certificate against the same information on the 
subject’s initial questionnaire so as to determine that 
the correct death certificate had been obtained for the 
person who completed the study questionnaire;

• cause of death recorded in the Mort6C.file against the 
ICD-9 code the study nosologist wrote on the pink 
cover tracking sheet attached to the death certificate; 

• cause-of-death code assigned by the study nosologist 
against the ICD-9 code interpreted by the Audit Team 
from the death certificate;

• cause-of-death groupings recorded in Mort6C.file 
against the criteria for assigning the cause of death to a 
group;

• date of subject’s initiation on study and date of death 
on the death certificate against calculation of time-on-
study.

Date of Death When we matched the Mort6C.file with
the death certificates, we found errors for two subjects.
One error (year of death) had been detected by the Original
Investigators after the epidemiologic analysis had been
completed, and the current Mort6C/HSPH.file reflected
the correct information. The second error (month of death)
had not been corrected in the current Mort6C/HSPH.file.

Correct Death Certificate Using information from the
questionnaires, the Audit Team verified that the death cer-
tificate on file reflected the correct study participant by
matching the full name, SSN, birth date, and gender.
Social Security Numbers were not recorded on all death
certificates, and the Audit Team noted other minor incon-
sistencies between the death certificates and the question-
naires, which usually involved one digit of the SSN or
birth date. However, the 247 available death certificate and
questionnaire pairs matched in enough fields to verify that
all the death certificates pertained to the correct study par-
ticipants.

Table 3. Early Censorship of Person-Years of 
Follow-Up in the Six Cities Study

City
Number of 
Subjects

Number of 
Subjects 

with Early 
Censorship Percentage

Harriman 1,258 35 2.8
Portage 1,631 185 11.3
Steubenville 1,351 51 3.8
St Louis 1,296 36 2.8
Topeka 1,239 152 12.3
Watertown 1,336 0 0

Total 8,111 459 5.7
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Cause-of-Death Codes First, the Audit Team compared
the primary cause of death listed in the Mort6C.file as a
four-digit ICD-9 code against the nosologist's code re-
corded on the pink cover tracking sheet attached to the
death certificate and found that 100% of the codes
matched. In three cases, the Mort6C.file included no ICD-9
code because the death certificate had not been coded.

Two areas on the death certificate record the causes of
death: Cause of Death Part I and Part II. Part I has three
lines. One, two, or three lines may be completed by the phy-
sician as follows: line a, immediate cause of death; line b,
explanation of the immediate cause (immediate cause due
to or a consequence of); and line c, explanation of line b

(due to or a consequence of). The final entry in Part I is con-
sidered the underlying (or primary) cause of death. Part II is
a one-line area for the physician to detail other significant
conditions that are not directly related to the underlying
cause of death.

Using the ICD-9, Dr Donna Foliart of the Audit Team
coded the underlying (primary) cause of death listed on
each of the death certificates and the Audit Team compared
them with the study nosologist's ICD-9 code (which had
been recorded on the pink cover tracking sheet attached to
the death certificate). In six cases, Dr Foliart's code did not
match the full four digits of the study nosologist's code. In

Table 4. Discrepancies Between Cause-of-Death Codes by Study Nosologist and Audit Team for the Six Cities Study

Code by Study 
Nosologist Comments

Code by Audit Team’s 
Nosologist

Change of Code Would 
Have Altered the 
Category in the 

Epidemiologic Analysis

Diabetes with 
ophthalmic 
manifestations 
(250.5)

Diabetes with renal 
manifestations 
(250.4)

Malignant neoplasm 
without specifica-
tion of site (199.1)

The death certificate reads, “metastatic ADCA 
[adenocarcinoma] to liver, unknown pri-
mary”.

Secondary neoplasm 
to liver (197.7)

Congenital mitral 
stenosis (746.5)

The coding of this case appears to have been 
in question because one notation in red ink 
lists 394.0, but then a comment is added 
that the “patient’s age affects the coding”. 
The death certificate reads, “rheumatic 
heart disease (mitral stenosis)”; rheumatic 
heart disease is an acquired, not congenital, 
condition. Therefore, the nosologist’s first 
code of 394.0 is consistent with the death 
certificate.

Mitral valve 
stenosis (394.0)

Chronic obstructive 
pulmonary disease 
(COPD) (496.0)

The death certificate lists the following 
causes of death: line a, respiratory failure; 
line b, COPD; line c, metastatic malignant 
melanoma.

Malignant melanoma 
(172.9)

This death would have 
changed categories 
from “cardiopulmo-
nary” to “lung can-
cer”.

Chronic ischemic 
heart disease 
(414.9)

The death certificate lists the following causes 
of death: line a, hypotension; line b, mas-
sive stroke; line c, congestive heart failure 
(CHF). The order listed by the physician is 
questionable because the underlying (pri-
mary) cause of death most likely was the 
massive stroke, although the physician lists 
CHF on line c.

Cardiovascular aneu-
rysm (CVA; stroke) 
(436.0) or CHF 
(428.0)

Acute myocardial 
infarction (410.0)

The death certificate lists the following causes 
of death: line a, acute myocardial failure; 
line b, atherosclerotic heart disease; and 
line c, cancer of kidney.

Malignant neoplasm of 
kidney (189.0)

This death would have 
changed categories 
from “cardiopulmo-
nary” to “other”.
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the epidemiologic analysis, the investigators had grouped
deaths into four cause-of-death categories: cardiopulmo-
nary, lung cancer, other, and missing. Of the six discrepan-
cies in ICD-9 codes, two would have altered the category
used in the original analyses. 

Details of the six discrepancies are described in Table 4,
which gives Dr Foliart’s code, the study nosologist’s code,
and comments from the Audit Team. The findings from the
audit of the subset of deceased subjects are summarized in
Table 5. 

AUDIT OF AIR QUALITY DATA

Description of Original Air Quality Dataset

The original epidemiologic analysis characterized
ambient air quality as long-term mean concentrations of
various air pollutants. The following variables were
reported for each of the six cities from measurements taken
during the indicated years: concentrations of total particles
(1977–1985), inhalable and fine particles (1979–1985), sul-
fate particles (1979–1984), aerosol acidity (H+)(1985–1988),
sulfur dioxide (1977–1985), nitrogen dioxide (1977–1985),
and ozone (1977–1985). Measurements of air pollutants
were taken using well established methods augmented
with newly developed techniques as necessary. The
methods used to calculate mean concentrations (eg, as the
average of seasonal means, annual means, or individual
observations) were not specified.

Further description of the Audit Team’s decisions about
which air quality data to audit and how to proceed is pre-
sented below for different groups of pollutants.

Gases The gases (SO2, NO2, and O3) had been monitored
hourly by standard continuous instrumentation and
recorded in parts per billion. The measurements had been
checked by contemporary external audits (eg, Eaton et al
1982). Selective inspections by our Audit Team of the orig-
inal data records, operator logs, and field audits for these
measurements did not indicate any unusual problems. As
a result, we decided not to audit these data or the findings
associated with them.

Acidity Aerosol acidity had been measured for about one
year in each city. The hydrogen ion concentrations were
determined using research-quality methods to analyze 24-
hour fine particle samples collected with Harvard impac-
tors (Koutrakis et al 1988). However, measurements were
conducted in only two cities at a time, starting with Har-
riman and St Louis from December 1985 through August
1986 (9 months) and finishing with Topeka and Watertown
in August 1988 (10 and 14 months, respectively). Thus, it
was impossible to compare acidity for a common time
period.

Furthermore, the acidity data were not necessarily
linked with particle data in the same city; for example,
dichotomous particle sampling at Watertown ended 18
months before the initiation of measurements of acidity.
Because intercity comparisons were confounded by
uncontrolled interannual variability, and the acidity mea-
surements were disconnected from other particle measure-
ments, we decided not to audit them.

Particles The Original Investigators reported mean con-
centrations for four classifications of particles in each of
the six cities: TSP (particles with aerodynamic diameters
as large as 50 �m), inhalable particles, fine particles, and
sulfate particles. In the sections that follow, we describe
different samplers and methods of arriving at these four
groups. All particle measurements were recorded as mass
concentrations (�g/m3).

Values of mass for TSP (for the years 1977–1985) and
sulfate particles (for the years 1979–1984) were deter-
mined from 24-hour samples collected by General Metal
Works (regulatory standard) high-volume samplers having
unrestricted inlets. The sample was first weighed to deter-
mine the concentration and then subjected to chemical
analysis to determine the concentration of sulfate ions.
The methods used were Federal Reference Methods and
they had been subjected to contemporary external audits
(eg, Eaton et al 1982) of both the sample collection proce-
dures and the laboratory analyses.

Inhalable particle mass was calculated from coarse and
fine particle mass, which had been determined from 24-

Table 5. Audit Results for the Subset of Deceased Subjects 
in the Six Cities Studya

Variable Used in 
Epidemiologic Analysis

Number 
of 

Records

Number 
of 

Inconsistencies Percentage 

Date of death 248 2 0.8
Death certificate and 
study participant 
identifiers 

247 0 0

Nosology code 248 6 2
ICD-9 code in 
Mort6C.file

248 0 0

Cause-of-death group 
based on nosologist’s 
code

248 0 0

Total 1,239 8 0.6

a All source documents were death certificates.
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hour sample pairs collected by Beckman dichotomous sam-
plers. At the time of its introduction, the dichotomous sam-
pler was relatively new and untested and was still
undergoing a number of operational difficulties. Further-
more, most researchers had much less experience with it
than they had with the older high-volume sampling tech-
nology.

Compared with the dichotomous sampler, the high-
volume sampler is a “simple” tube with a single filter
mounted in the middle; one end of the tube is open to the
atmosphere and the other is attached to a powerful
vacuum pump, thus allowing the filter to collect particles
of all sizes. In contrast, the dichotomous sampler is
designed on the complex principle of virtual impaction. In
still air, and under the influence of gravity, large particles
settle out more rapidly than small particles. In curving or
decelerating airflows, and under the influence of centrif-
ugal forces, large particles are correspondingly quicker
than small particles to migrate to the outer boundaries and
impact on outer surfaces. The inlets of particle samplers
are designed to impose contortions on entering airflows
sufficient to make nearly all particles above a selected size
impact on the surfaces of the inlet. (This is the principle of
the size-selective inlets [SSIs] routinely used to remove
from the sample air particles greater than 10 or 15 �m in
aerodynamic diameter.) The remaining smaller particles
are captured on a fine particle filter.

The dichotomous sampler exploits this same aerody-
namic separation phenomenon to separate from the same
airstream particles both above and below 2.5 �m in diam-
eter. The filter in the primary flow of intake air (the fine
particle channel) collects only particles smaller than
2.5 �m. Most of the intake air (typically 90%) is forced to
undergo a sharp deceleration (secondary flow) and is
focused into a receptacle of dead air (the coarse particle
channel). At the bottom of the receptacle is a coarse filter
that collects coarse particles, any directly impacted parti-
cles, and any fine particles carried by the secondary air
flow. The calculation of coarse particle mass concentration
includes a correction factor for the fine particles collected
in the coarse particle channel.

In the dichotomous samplers used in the Six Cities
Study, the fine particle channel collected particles smaller
than about 2.5 �m and the measurement was recorded
directly as fine particle (FP) mass. The coarse particle
channel collected particles between 2.5 �m and 10 or
15 �m in aerodynamic diameter (the upper bound mea-
surement depended on the inlet size used at the time,
which is discussed later). These samples were corrected
for the inclusion of some fine particles, and the correction
resulted in the coarse particle (CP) mass. Then both FP and

CP values were added to yield the inhalable particle
(IP = FP+CP) mass, which included all particles smaller
than 10 or 15 �m in aerodynamic diameter. 

In different years, measurements of mass from dichoto-
mous samples were carried out by different organizations
in different laboratories (described in detail in the next
section) by two fundamentally different methods. The
dichotomous sampler analyses also had not been verified
by blinded audits of samples, as had the high-volume
sample analyses. In addition, the Audit Team found the
existing records of dichotomous samples to be more
fragmented than those for the high-volume sampler mea-
surements. For these reasons, we decided the dichotomous
sampler particle data ought to be the principal focus of our
audit.

Original Analysis of Air Pollutants from the
Dichotomous Samplers

Over the course of the study, several changes were made
in operating the samplers and in the methods used to ana-
lyze the samples.

• Until and throughout most of 1981, the filters from the 
samplers were analyzed by an EPA laboratory in North 
Carolina. This laboratory determined mass by �-
absorption gauge.

• In October and November 1981 (exact dates varied in 
each city), the analysis of the filters was transferred to 
HSPH until 1984. The HSPH laboratory used standard 
gravimetric analysis in which the filters were weighed 
before and after exposure. (Courtney and colleagues 
[1982] found no significant bias between the two 
methods of sample analysis when they applied them 
to air quality samples [not from the Six Cities Study] 
collected in North Carolina.)

• In January and February 1984, the analysis of the fil-
ters was transferred from HSPH back to the EPA labo-
ratory in North Carolina; the mass was again measured 
using the same methods as before.

• Also in January and February 1984, the filters on the 
coarse particle channel were oiled to improve particle 
adhesion. This action was taken in response to a dis-
covery that substantial and variable particle losses 
had been occurring in transit and handling (Dzubay 
and Barbour 1983; Spengler and Thurston 1983). Oil-
ing the filters would have increased the levels of 
coarse particle mass but would not have affected mea-
surements of fine particle mass.

• In March and April 1984, new inlets were installed 
that reduced the 50% sampling cutoff for particle size 
from 15 �m to 10 �m. This action would have resulted 
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in lower levels of coarse particle mass but would not 
have affected measurements of fine particle mass.

The Audit Team used these transitions to partition the
dichotomous sampler measurements into four distinct
epochs, as summarized in Table 6.

Data Transmission, Electronic Recording, and 
Contemporary Quality Assurance

Quality assurance of data gathering procedures was cen-
trally coordinated at HSPH. As they were being applied in
1982, QA procedures were described in a paper presented
at the annual meeting of the Air Pollution Control Associ-
ation (Briggs et al 1982). A contemporary QA manual
(Harvard School of Public Health Air Quality Group 1982)
was also available. Both of these documents had been
written before any of the changes had been instituted in
how the dichotomous samplers were operated and how
the samples were analyzed.

From 1979 through the summer of 1981 (Briggs et al
1982), filters from the six cities were returned to the EPA
laboratory for analysis. These shipments were accompa-
nied by standard forms (EPA 3B) that supplied information
(such as total flow rate and the duration of the sample run)
needed to convert the filter loadings to ambient concentra-
tions. The EPA laboratory performed the analysis and the
calculations of concentration and returned concentrations
corrected for blank filter values. Meanwhile, HSPH col-
lected weekly field logs and calibration records directly
from the sampler operators.

The EPA data were screened for encoding and transmis-
sion errors, compliance with standard operating proce-
dures and criteria, and statistical anomalies (outliers), and
then merged with other study records at HSPH into a
master data file. Briggs and colleagues (1982) outlined a
review process that augmented each record with diagnostic
variables (referred to as “flags”) that indicated whether pro-
cedures and data were within acceptable ranges.

In the summer of 1982, the Quality Assurance Division
of the EPA’s Environmental Monitoring Systems Labora-
tory organized and coordinated a thorough systems audit
carried out through personnel of the Research Triangle
Institute (Eaton et al 1982).

No updated documentation was located for the years
after 1982. The Audit Team assumed that the same
procedures were used but likely were modified when
gravimetric measurements were made at HSPH.

In addition to the 1982 systems audit described above,
the Office of Scientific Integrity (OSI) conducted an
external and independent review in response to an
internal accusation of misconduct in the processing of
ozone measurements. The OSI scrutinized the gas concen-
tration data in detail and concluded that their “exhaustive
inquiry resulted in a ‘clean bill of health’ for the study and
for the Six Cities scientists” (SW Hadley, written commu-
nication, November 1990).

Data Provided and Source Documents Accessible
for the Reanalysis

The Audit Team expected to have available a master
electronic database of all air pollution measurements for
the entire Six Cities Study; however, master data files were
not found. Instead, various data files contained different
data subsets, which appeared to have been selected from a
common database according to different screening criteria.
The efforts to reconstruct the data used to produce the
results published in the NEJM are discussed in the next
sections.

The primary data that seemed to be missing from the
master database were the dichotomous sampler data. Sev-
eral records documenting original dichotomous sampler
measurements and analyses were accessible for some time
periods from some cities: laboratory (both EPA and HSPH)
transmittals of filter sample measurements and concentra-
tion calculations (both electronic and hard copies), some

Table 6. Changes in Dichotomous Sampler Configurations and Analysis Methods in the Six Cities Study

Factor Changed
Epoch 1

(1979–1981)
Epoch 2

(1981–1984)
Epoch 3

(1984–1984a)
Epoch 4

(1984–1988b)

Inlet size cutoffc 15 15 15 10
Coarse filter Dry Dry Oiled Oiled
Type of analysis � Gauge Gravimetric � Gauge � Gauge
Analysis laboratory EPA HSPH EPA EPA

a At the longest, this epoch lasted from January through April of 1984.
b The data from 1986–1988 were not used in the epidemiologic analysis published in NEJM.
c From the coarse particle channel of the size-selective impactor. 
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HSPH data files, and field logs from the dichotomous sam-
pler operators. However, there was no city or time period
for which all of these records could be located.

Audit Objectives for Data from Dichotomous Samplers

The Audit Team arrived at the following decisions
regarding the scope of the audit for the air quality data:

• We decided not to conduct an audit of the gases 
because data on gases (SO2, NO2, and O3) had been 
appropriately checked by external contemporary 
audits and the 1990 OSI investigation; therefore, no 
further review was warranted.

• Data on aerosol acidity had not been collected over a 
common time period for all six cities, and the data had 
not been necessarily connected to concurrent particle 
measurements; therefore, an audit was not required.

• The particle data from high-volume samplers had 
been collected and analyzed with Federal Reference 
Methods and subjected to contemporary external 
audits; no further review seemed necessary.

• The particle datasets from dichotomous samplers had 
been acquired and analyzed with different methods 
and procedures at different times; these warranted the 
primary attention and resources of the Audit Team.

Our audit of the air quality data had three broad objec-
tives:

1. verify the conversion of primary filter measurements
of air pollutants into concentrations;

2. evaluate the procedures for validating and archiving
the concentrations; and

3. clarify how the published means had been derived
and evaluate how sensitive the means may be to com-
putational procedures and data selection criteria.

Dr Warren White of the Audit Team conducted two site
visits at HSPH on March 8 through 12 and April 12
through 16, 1999. Two years earlier, Dr White had acquired
from Dr Dockery a computer spreadsheet containing var-
ious particle mass concentrations for 1979–1986: (1) TSP
data from high-volume samplers; (2) inhalable particle
data from high-volume samplers with SSIs (these data had
been recorded every sixth day and had not been used in
the air pollution analyses for the NEJM article); and (3) fine
and coarse particle data from dichotomous samplers. This
extracted dataset (referred to hereafter as 1997.file) had
been assembled specifically for Dr White and the data
included had not necessarily been selected according to
the same criteria used for the epidemiologic analysis of
mortality and air pollution. In preparing for the Audit
Team’s site visit, Dr White used this 1997.file to guide

which measurement locations (cities) and periods would
be appropriate to review in detail at HSPH.

Objective 1. Verify Conversion of Primary Filter 
Measurements into Concentrations

To convert a simple filter measurement to an ambient
mass concentration, one generally needs four numbers: the
mass of the filter with the sample, the mass of the (blank)
filter without the sample, the sampler flow rate, and the
sampling duration. We wanted to recalculate a few filter
measurements to establish the following points.

• The correctness of the calculation, which is signifi-
cantly more complex for a sample from a dichotomous 
filter than one from a simple filter. The Audit Team 
also noted that the equation for this calculation had 
been reported incorrectly in HSPH’s QA Manual for 
Air Quality Assessment (section III, chapter 6, page 4, 
C_MASS formula, May 1982); therefore, we wanted to 
verify the actual methods used for these calculations.

• The handling of the blank correction factor and its 
effect on uncertainty. The QA Manual states (in sec-
tion I, chapter 10, page 1, March 1982) that the first fil-
ter in each tray of 36 was to be used as a blank in the 
analysis, but it also indicates (in section III, chapter 6, 
pages 3 and 4) that mass concentrations were to be cal-
culated from �-absorption gauge measurements with 
no blank corrections.

• The reporting convention for concentrations: ambient 
conditions, standard temperature and pressure, or 
something else?

Extant Original Records by Epoch The archival master
electronic data files described by Briggs and colleagues
(1982) were not found for epoch 1 (1979–1981). Contem-
porary hard copies were located for at least some of the
concentration transmittals received at HSPH from the EPA
laboratory during epoch 1 (1979–1981), and the Audit
Team was able to review several monthly records from
Harriman (1980), Portage (1980), Steubenville (1980), and
St Louis (1980). The EPA transmittals describe data before
they were subjected to the screening process described by
Briggs and colleagues (1982) and are therefore unflagged.

Similarly, master data files for epoch 2 (1981–1984)
were not found. The only laboratory records available for
inspection for epoch 2 were those from the HSPH labora-
tory.

Printouts of the master data files were located for epochs
3 and 4 (1984–1988). These printouts had been produced
at HSPH in the late 1980s and accounted for essentially all
of the observations recorded in the site operator logs the
Audit Team reviewed (Harriman 1985; Topeka 1984, 1985,
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and 1988; Watertown 1985). The printouts were of data
files that had been subjected to the QA procedures
described by Briggs and colleagues (1982) and included
flagged data fields.

The Audit Team received no response to a request to
visit the EPA contract laboratory in North Carolina. Table 7
summarizes the original records the Audit Team examined
during the site visits at HSPH. We did not randomly
sample cities and periods, as we did with individual
health records, because air quality data records were not
uniformly available.

Audit Team’s Recalculations of Concentrations We could
not recalculate the measurements made during epochs 1,

3, and 4 because records of the analyses completed at the
EPA laboratory were not available at HSPH. These data
conversions should not be of concern, however, because the
EPA laboratory was the leading practitioner of these
methods at the time.

The Audit Team was successful in recalculating concen-
trations from primary filter measurements for some of the
analyses conducted at HSPH during epoch 2. Figure 1
shows results obtained for 30 observations of concentra-
tions for St Louis from May through July 1983. The Audit
Team found no indication that adjustments were made for
variations in temperature and pressure. The root-mean-
square difference between calculated and reported
concentrations is 0.7 �g/m3 for fine particles and 1.0 �g/m3
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Figure 1. Agreement between reported and newly calculated fine (left panel) and coarse (right panel) particle mass concentrations in St Louis May–July
1983. The straight line in each panel defines perfect agreement.

Table 7. Original Records for Dichotomous Samplers Examined in the Audit of the Six Cities Studya

City 1979–1981 1982–1983 1984–1988b

Harriman EPA Lab Field logs, HSPH MF 

Portage EPA Lab

Steubenville EPA Lab HSPH MF

St Louis EPA Lab Field logs, HSPH Lab HSPH MF

Topeka Field logs Field logs, HSPH MF

Watertown Field logs, HSPH MF

a Individual entries in columns represent samples of records spanning several weeks to several months, not all of the years mentioned. Different datasets 
were available in different years. EPA Lab = EPA laboratory transmittals; HSPH Lab = HSPH weighing laboratory records; HSPH MF = HSPH master data 
files; and field logs are from dichotomous sampler operators.

b The data from 1986–1988 were not used in the epidemiologic analysis published in NEJM. 
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for coarse particles. This level of discrepancy could arise
from minor uncertainties as to the exact procedure used in
the original conversion.

Objective 2. Evaluate Procedures for Validating and 
Archiving Concentration Measurements

The written procedures used to validate and document
laboratory transmittals and the computerized and manual
review processes used to inspect the data and input them into
the master air pollution files are described in the section Data
Transmission, Electronic Recording, and Contemporary
Quality Assurance. That section also references a contempo-
rary QA manual (Harvard School of Public Health Air
Quality Group 1982); the Audit Team found some of the for-
mulas and descriptions in that manual to be clearly erro-
neous. The manual refers to an additional report
documenting procedures at the EPA contract laboratory, but
no copy of that report could be located at HSPH.

One set of records the Audit Team examined included
hard-copy transmittals from the EPA laboratory of data from
Steubenville for the period April 1979 through February
1981. This period had been discussed in some detail by
Briggs and colleagues (1982) to illustrate the conventions for
validating data. According to Briggs, during the period of
September 16 through 24, 1980, the samples for all 9 days
had been noted by the site operator as “suspect” because of
repairs to the roof on which the sampler was located. Con-
centrations for all of these samples were included in the EPA
transmittal to HSPH, as they should have been. According to
Briggs’ documentation, the data were not voided but were
archived and coded with a “suspect” flag.

Objective 3: Clarify Derivation of Published Means and 
Evaluate Their Sensitivity to Computational Procedures 
and Data Selection Criteria

Air Quality Dataset The master air pollution data files
were no longer accessible on the HSPH computer system and
the staff of HSPH were unable to locate a copy of this file. Var-
ious electronic data files examined during the first visit were
found to contain different data subsets and appeared to have
been selected from a common database according to different
screening criteria. However, one source of potential problems
was that different values were sometimes reported in dif-
ferent files for the same observation.

During the first site visit, Dr Dockery produced a provi-
sional and incomplete reconstruction of the air quality
data used in the NEJM analysis; he supplemented these
data with dichotomous sampler mass concentrations used
in a time-series analysis published in a 1996 article in the
Journal of the Air and Waste Management Association
(JAWMA; Schwartz et al 1996; hereafter, the electronic file

containing the data published in JAWMA is referred to as
JAWMA.file). None of the data files found on the HSPH
computer and none of the reconstructed databases could
produce the exact air pollution concentration averages
reported in the NEJM article. Before the second onsite
audit, Dr Dockery produced an improved reconstruction
of the NEJM analytical file (hereafter referred to as
Reconstruct.file), which was the one the Audit Team used to
compare with all other original records of air pollution trans-
mittals. The Reconstruct.file likely comprised electronic data
files extracted from the master air pollution files in different
years, according to criteria that evolved with time.

Comparison of Original Records with Reconstruct.file The
Audit Team verified the fine particle mass concentrations
in the Reconstruct.file with some of the original records
described in Table 7 for each of the epochs described in
Table 6; the results are summarized in Table 8. The Audit
Team could account for all but 3 of the 1,010 values exam-
ined in the Reconstruct.file (in Table 8, see the column
“NEJM vs Original Records” under “Number Un-
matched”); these 3 data points could simply have been
missed in the audit.

Comparison of Original Records with JAWMA.file
Although the JAWMA air data were not formally audited,
Table 8 includes results of a similar comparison for the
JAWMA.file because it is discussed below as an alternative
representation of the dichotomous sampler data. A signifi-
cantly larger number (64 of 1,191) of the JAWMA values
that were examined could not be accounted for and some
of them are from dates when field logs indicate that no
samples were taken.

Criteria for Selecting Data for the Mortality and Air 
Pollution Analysis No contemporary account could be
found of the criteria used to select data for the mortality
and air pollution analyses. Nevertheless, the Audit Team
was able to infer some of the criteria used by comparing the
Reconstruct.file with available earlier records. This com-
parison clearly reflected that some selection criteria had
changed over the years, as described in the next sections.

Restriction on Coarse/Fine Mass Ratio Data from epoch
1 (1979–1981) were systematically excluded whenever the
coarse/fine mass ratio was less than 0.3 or greater than 1.3.
This restriction reflects early EPA guidance; Briggs and
colleagues (1982) noted that it does not allow for actual
variations in particle size distributions: thus, it “appears to
be an undesirable check for bad values in its present form.
… [I]f this criterion were employed to void data, it would
likely introduce bias into the datasets.” Data from later
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years (1982 on) were included regardless of coarse/fine
mass ratios in accordance with the recommendation of
Briggs and colleagues. The abrupt elimination of the
coarse/fine mass ratio restriction is shown in the time-
series ratios reported for Portage, which are plotted in
Figure 2 from the Reconstruct.file. A similar pattern was
found in all six cities.

Even during the time it was applied, however, the
coarse/fine mass ratio restriction did not greatly affect the
fine particle concentrations for Portage in any obvious
manner. This effect is shown in Figure 3, which compares
the Reconstruct.file data from HSPH for Portage in 1980
with the values reported by the EPA contract laboratory.
The EPA data points that are unmatched by HSPH data
points are those values that HSPH excluded because the
coarse/fine mass ratio fell outside the applied boundaries.

The Audit Team also assessed the empirical effect of the
coarse/fine mass ratio restriction on average concentra-
tions by applying the restriction to otherwise unrestricted
data in the Reconstruct.file for 1982 and later years
(Table 9). Had the restriction been applied to the data in
these years, the greatest impact would have been seen in
Topeka, where Briggs and colleagues (1982) reported the
average measured ratio would have fallen outside the
“appropriate” range.

Exclusion of Samples Collected from Multiple Filters
Another selection criterion employed was the exclusion of
concentrations measured with more than one set of filters.
Samples were sometimes collected over multiple filters
because the Beckman dichotomous samplers automatically
switched to a new filter pair whenever the fine particle
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Figure 2. Time-series data from Reconstruct.file for Portage 1979–1987.
The scattering of data points shows that data from epoch 1 (1979–1981)
were systematically excluded whenever the coarse/fine mass ratio was less
than 0.3 or greater than 1.3.

Table 8. Comparability of Dichotomous Sampler Fine Particle Mass Concentrations from Original Records Inventoried 
in Table 7, Reconstruct.file (NEJM), and JAWMA.file for the Six Cities Study

Period Audited Number of Values Number Unmatcheda Mean Value (µg/m3)

City Start End
Original 
Records NEJM JAWMA

Original 
Records vs 

NEJM

NEJM vs 
Original 
Records

Original 
Records vs 
JAWMA

JAWMA vs 
Original 
Records

Original 
Records NEJM JAWMA

Harriman 01/30/80 05/06/80 69 51 67 18 0 2 0 23.0 22.9 22.5 
02/12/85 12/17/85 205 205 217 0 0 0 12 20.2 20.1 19.7 

Portage 02/27/80 07/16/80 68 36 69 32 0 1 2 13.3 14.3 13.3 

Steubenville 05/01/80 08/03/80 64 26 60 38 0 4 0 48.0 29.8 46.6 
01/19/84 07/11/84 84 82 84 2 0 0 0 26.1 26.6 26.1 

St Louis 03/20/80 09/08/80 97 70 96 27 0 1 0 23.7 25.3 23.5 
03/10/82 04/01/82 12 12 12 0 0 0 0 14.3 13.8 13.8 
05/12/83 08/01/83 30 30 30 0 0 0 0 22.2 22.8 22.8 
02/18/85 01/01/86 157 153 173 4 0 3 19 17.5 17.9 17.6 

Topeka 02/21/84 08/01/84 96 96 97 1 1 0 1 12.6 12.7 12.6 
02/03/85 05/22/85 72 72 76 0 0 0 4 10.4 10.4 11.0 

Watertown 01/10/85 12/31/85 203 177 210 28 2 19 26 14.2 14.6 14.9 

Totals 1,157 1,010 1,191 150 3 30 64 

a The number of entries in the first file for which no corresponding entries were found in the second.
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flow dropped below a specified rate (14.25 L/min, from a
nominal 16.7 L/min). As Briggs and colleagues (1982)
noted, “This can be expected to happen during very pol-
luted days, when the filters become heavily loaded…. [This
condition] (multiple samples in a day) does not indicate
questionable data.” Rejecting these observations could
have incorrectly attentuated high concentrations.

Figure 4 compares the data in the Reconstruct.file with
the values reported to HSPH by the EPA laboratory in
Steubenville in 1980 that included high concentrations of
fine particles. As suggested by Briggs and colleagues
(1982), concentrations were generally higher on days
when multiple filters were used. The EPA laboratory

Table 9. Effects of Excluding Observations Outside the Acceptable Range of Coarse/Fine Particle Mass Ratio (0.3–1.3) in 
the Six Cities Studya

Number of Observations Average Fine Particle Concentration (�g/m3)

City All Datab    Restrictedc,d All Datab Restrictedc
Percentage 
of Changee

Harriman 699 546 (78%) 19.6 19.2 �2
Portage 508 310 (61%) 10.5 10.5 0
Steubenville 541 424 (78%) 26.1 26.6 2
St Louis 588 443 (75%) 17.8 18.0 1
Topeka 557 270 (48%) 11.7 13.5 15
Watertown 602 399 (66%) 14.1 14.1 0

a All data in the Reconstruct.file for 1982–1985.
b Values for all days (observations) regardless of the coarse/fine mass ratio value.
c Values for days (observations) on which the coarse/fine mass ratio fell within the range.
d Percentage of all observations in parentheses.
e This was calculated as [(Restricted � Whole)/Restricted] � 100%.
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Figure 4. Fine particle levels for a period of time in Steubenville in 1980
that included high concentrations of fine particles. Open circles are values
reported to HSPH by the EPA contract laboratory; an  indicates a value
obtained from multiple filters; filled circles are data in the HSPH Recon-
struct.file. The recordings of higher concentrations were generally on days
when multiple filters were used. Of the 64 EPA laboratory observations, 26
measurements had been acquired with multiple filters and were excluded
from the HSPH analysis. The HSPH Reconstruct.file reports 26 concentra-
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fine mass ratio. Open circles are data transmitted from the EPA laboratory
and filled circles are data from the HSPH Reconstruct.file. Misalignment of
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reported values for 64 observations for which the average
fine particle mass concentration was 48 �g/m3. Of those
64, 26 measurements had been acquired with multiple
filters; with those 26 values eliminated, the fine particle
mass concentration was 32 �g/m3 for the 38 observations
from single filters. The Reconstruct.file reports values for
26 observations [from single filters] for which the average
fine particle mass concentration was 30 �g/m3. Multiple-
filter observations became less frequent in later years.

Reproducing the Published Statistics Table 10 shows
mean concentrations for fine, inhalable, and total particles
from the NEJM publication and for three different calculations
from data in the Reconstruct.file. The first calculation (Mean of
All Observations) averages all observations within the indi-
cated time periods. The second calculation (Mean of Annual
Averages) represents an average of yearly concentrations. The
third calculation (Mean of Quarterly Averages) represents an
average of quarterly mean concentrations. The recalculated
Means of Annual Averages exactly match the published means
for total particles at all six cities. However, the corresponding
means for fine and inhalable particles differ significantly from

the NEJM values at St Louis, Topeka, and Watertown. Con-
versely, the recalculated Means of All Observations exactly
match or are within 0.1��g/m3 (Harriman) of the NEJM values
for fine and inhalable particles, but are significantly different
for total particles at all cities except Harriman.

Other Evidence for the Quality of the NEJM Air 
Pollution Data

Comparison of Reconstruct.file with the JAWMA.file The
three recalculated means in Table 10 are all derived from
the Reconstruct.file. All three therefore reflect the same
selection criteria for the inclusion or exclusion of observa-
tions. To understand the effects of altering these criteria,
the Audit Team compared the Means of All Observations
shown in Table 10 with the same statistics calculated for
data in the JAWMA.file (Schwartz et al 1996), the results of
which are shown in Table 11. (This comparison does not
include total particle concentrations because the
JAWMA.file included data from dichotomous samplers
only, which provide fine and coarse particle levels.)

The selection criteria used to extract the data in the
JAWMA.file were undocumented, but probably were
based on less stringent criteria than those used in the
Reconstruct.file. Averaging all observations in the
JAWMA.file for the 1979–1985 period does not yield the
means published in NEJM, even though averaging all
observations including those from later years does yield
exactly the time-series means published in JAWMA (data

Table 10. City Mean Particle Concentrations Published in 
NEJM and  Recalculated from Reconstruct.file for 
Indicated Years of the Six Cities Studya

City
Published
(NEJM)b

Mean 
of All 

Observations

Mean of 
Annual 

Averages

Mean of 
Quarterly 
Averages

Fine Particles (1979–1985)
Harriman 20.8 20.9 20.8 20.9
Portage 11.0 11.0 11.0 11.0
Steubenville 29.6 29.6 29.7 29.6
St Louis 19.0 19.0 19.7 19.0
Topeka 12.5 12.5 12.9 12.5
Watertown 14.9 14.9 15.2 14.9

Inhalable Particles (1979–1985)
Harriman 32.5 32.6 32.5 32.6
Portage 18.2 18.2 18.2 18.1
Steubenville 46.5 46.5 46.4 46.4
St Louis 31.4 31.4 33.0 31.3
Topeka 26.4 26.4 26.3 26.4
Watertown 24.2 24.2 24.6 24.1

Total Particles (1977–1985)
Harriman 49.4 49.4 49.4 49.9
Portage 34.1 33.4 34.1 32.0
Steubenville 89.9 92.4 89.9 91.2
St Louis 72.5 68.7 72.5 68.3
Topeka 56.6 56.2 56.6 54.3
Watertown 49.2 46.6 49.2 46.3

a Values are given as means in �g/m3.
b See Table 1 in Dockery et al 1993.

Table 11. City Mean Particle Concentrations Calculated 
from All Observations for 1979–1985 in Reconstruct.file 
and in JAWMA.file for the Audit of the Six Cities Study

Concentration 
(�g/m3)

Number of 
Observations

City Reconstructa JAWMA Reconstruct JAWMA

Fine Particles
Harriman 20.9 21.0 1,029 1,552
Portage 11.0 11.5 771 975
Steubenville 29.6 30.8 994 1,145
St Louis 19.0 18.9 868 1,046
Topeka 12.5 12.5 728 938
Watertown 14.9 15.7 850 1,139

Inhalable Particles
Harriman 32.6 33.0 1,026 1,151
Portage 18.2 18.5 737 925
Steubenville 46.5 48.3   987 1,143
St Louis 31.4 31.7 852 1,043
Topeka 26.4 28.3 720 938
Watertown 24.2 24.5 836 1,139

a Referred to as the Mean of All Observations in Table 10.
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not shown). As noted in Table 8, about 5% of the examined
JAWMA data could not be accounted for in the original
records we audited.

Comparison of Reconstruct.file Dichotomous Sampler 
Data with Data from Size-Selective High-Volume 
Samplers in 1997.file The high-volume samplers with
SSIs measured particles only every sixth day (for 24 hours)
during the period 1980 through 1986. These samplers
directly measured inhalable particles (fine + coarse) and
did not separate fine from coarse. The high-volume sam-
plers’ SSIs were different from the dichotomous samplers’
SSIs in that (1) they were designed for much higher sample
flow rates, and (2) they remained at a 15-�m cutpoint,
whereas the dichotomous SSIs changed to a 10-�m cut-
point in early 1984.

The data from the high-volume samplers with SSIs had
not been used either in the cross-sectional analysis pub-
lished in NEJM or in the time-series analysis published in
JAWMA due to the low frequency of the measurements.
The data had, however, been quality assured along with
the other particle measurements (Spengler et al 1986). The
SSI high-volume sampler had been operated indepen-
dently from the dichotomous sampler; not only were the
particles sized and the airflows controlled separately, but
different filter media and analytic procedures had been
used. The data from the SSI high-volume samplers could
thus be used to corroborate the data from the dichotomous
samplers in that agreement between two independent
measurements provides evidence of the quality of both
sets of measurements. Due to the different sampling sched-
ules, this comparison did not address the issues of data
selection and file integrity.

The paragraphs that follow adopt a temporary convention
restricting the use of the term “inhalable particles”. Previ-
ously, we have used the term to refer to any particles having
diameters less than 10 or 15 �m. The concentrations of
inhalable particles reported in NEJM, in particular, had been
derived by adding together the separate concentrations
obtained from the dichotomous samplers for fine (diameters
< 2.5 �m) and coarse (diameters > 2.5 �m and < 10 or 15 �m)
particles. In this section only, the term IP is reserved for data
from the SSI high-volume samplers; data from the dichoto-
mous samplers are distinguished as FP, CP, and FP+CP.

We expect the relation between concentrations from the
high-volume SSI (IPHV) and dichotomous (FPDC+CPDC)
samplers to follow the form

IPHV = a0 + aM (FPDC+CPDC),

where HV refers to the concentrations obtained from high-
volume samplers and DC refers to the concentrations from
the dichotomous samplers; the intercept a0 > 0 is a mea-
surement artifact associated with the high-volume sampler
filters used in the measurement of inhalable particles; and
the coefficient aM should equal unity if the dichotomous
and SSI high-volume sampler measurements are equiva-
lent. The constant a0 allows for the extra mass in the IPHV
samples contributed by artifactual sulfate (discussed in the
next section). The ordinary-least-squares coefficients
determined by city-specific regression of the 1997.file SSI
high-volume sampler IPHV data on the JAWMA.file dichot-
omous FPDC+CPDC data are summarized in Table 12.

Watertown stands out in Table 12 as the city with the
weakest correlation (r 2 ) between IPHV and FPDC+CPDC,
and as the only city for which the proportionality coefficient
aM differs significantly from 1. The distinctive character of
the Watertown measurements is also evident in data plots
such as Figure 5. Each point in the plot represents a pair of
measurements at the same time and same place, one by SSI
high-volume sampler (IPHV) and one by dichotomous sam-
pler (FPDC+CPDC). Measurements that agree with each other
fall near the diagonal line from lower left to upper right. A
relatively large fraction of the Watertown observations lie
farther from this line than do the measurements for the other
five cities.

We investigated whether the observed scatter in the
relation between high-volume and dichotomous sampler
measurements at Watertown were due to the high-
volume sampler measurements or the dichotomous sam-
pler measurements. We had a limited series of measure-
ments at Watertown made by a high-volume sampler
with a 10-�m SSI located at the same sampling site as the
high-volume sampler with the 15-�m SSI. We found the
10-�m SSI measurements to be more highly correlated

Table 12. City-Specific Coefficients for Regressionsa 
Calculated for the Six Cities Study 

City n r2
aM

(mean + SE)
a0

(mean + SE)

Harriman 359 0.78 0.95 ± 0.03 8.1 ± 0.9 
Portage 283 0.67 0.95 ± 0.04 5.1 ± 0.9 
Steubenville 316 0.88 1.02 ± 0.02 9.2 ± 1.0 
St Louis 284 0.78 1.04 ± 0.03 9.5 ± 1.1 
Topeka 283 0.71 0.95 ± 0.04 10.2 ± 1.1 
Watertown 225 0.46 0.83 ± 0.06 11.0 ± 1.7 

a Regressions took the form IPHV = a0 + aM (FPDC+CPDC), where IPHV is 
from the 1997.file SSI high-volume sampler data and FPDC+CPDC is from 
the JAWMA.file dichotomous sampler data. n is the number of 
observations (number of days) for which values were available from both 
samplers. The estimated coefficients aM and a0 are explained in the text.



59

D Krewski et al

with the 15-�m SSI high-volume sampler values than
with either the high-volume or the dichotomous sampler
measurements. Therefore, we concluded that whatever
errors might have occurred in either of the high-volume
sampler measurements, they were small compared with
the measurement errors in the dichotomous sampler mea-
surements. Furthermore, field logs indicated that the
Watertown dichotomous sampler experienced more opera-
tional problems and was serviced by more operators than
samplers in the other five cities, which supports the con-
tention that the dichotomous sampler measurements were
the source of the anomalous values at Watertown.

The SSI high-volume sampler data can also be exam-
ined for evidence of the effects from the changes in the
dichotomous sampler configurations and the filter anal-
ysis methods that differentiated the measurement epochs
(described in Table 6). (The SSI high-volume sampler fil-
ters were always weighed, whereas the dichotomous fil-
ters were sometimes weighed and sometimes analyzed by
� attenuation; therefore, the high-volume sampler filter
measurements offer a stable reference against which to
compare the dichotomous filter measurements.) Because
of the anomalous scatter noted above, Watertown has

been excluded from this analysis. Table 12 suggests the
high-volume sampler artifact (the a0 column) varies with
city but the incremental sensitivity to dichotomous mass
(the aM column) does not. We expect the effects of the
changes in sampler configurations and methods to take the
approximate form:

IP = acity + aFPFPDC + aCPCPDC 

+ dgrav(FPDC2
 + CPDC2

 + b2) 

+ dlossCPDC3,4
 + dinletCPDC4

,

where FPDCk
, CPDCk

, and bk take the values FPDC, CPDC, and
b during the kth measurement epoch and 0 otherwise. The
quantity acity is a city-specific value for the artifact term, a0.
The baseline coefficients aFP and aCP describe the relation
of high-volume sampler mass measurements to dichoto-
mous sampler mass measurements during epoch 1, when
the dichotomous samplers were operated with unoiled
coarse filters and 15-�m inlets and the filters were analyzed
by �-absorption gauge. The correction dloss is –F/(1 – F),
where F is the fractional loss from unoiled coarse filters.
Similarly, dinlet is (R�1 – 1), where R = CP10/CP15 is the
ratio of the two definitions of CP mass. Finally, dgrav and b
describe potential calibration and blank differences
between the gravimetric and �-absorption gauge analyses.

Regressions were calculated with various subsets of the
above model. Out of 1,525 simultaneous SSI high-volume
and JAWMA dichotomous sampler datasets collected in
the five cities under examination, only 39 were taken
during the few months of epoch 3. The near coincidence of
coarse filter oiling at the end of epoch 2, which increased
measured CP mass, with the switch from a 15-�m to a
10-�m cutpoint at the start of epoch 4, which decreased
measured CP mass, therefore confounded the two changes’
opposing effects. The oiling term dloss and the 39 epoch-3
observations were accordingly dropped from the regres-
sion, leaving the coefficient dinlet to represent the net effect
of the transition from epoch 2 to epoch 4. A small, barely
significant calibration effect was associated with the gravi-
metric analysis, but it was confined to fine particles only.
The only robust coefficient was dinlet; Table 13 summa-
rizes results from the regression model setting dloss, dgrav,
and b equal to zero. The high-volume sampler offset acity
was then 6.8, 3.6, 10.4, 10.6, and 7.7 µg/m3 at Harriman,
Portage, Steubenville, St Louis, and Topeka, respectively.

Recall that dinlet in Table 13 represents the net of two
effects: postsampling losses were cut by oiling the coarse
filters at the same time that the largest particles were
dropped from sampling by the more restrictive inlet. Thus
the baseline CP coefficient aCP = 1.08 was greater than 1
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measurements at the same time and place, one by an SSI high-volume sam-
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even in the early years, when the high-volume and dichot-
omous filters sampled the same particle size range,
because it had to account for coarse particles retained by
the high-volume sampler filters but lost from the unoiled
dichotomous sampler filters. In the absence of such losses,
random error in the dichotomous sampler measurements
would be expected to attenuate aCP to a value less than 1 in
the same way it attenuates aFP .

Comparison of Sulfate Concentrations Measured with 
High-Volume Samplers and Those Measured with 
Dichotomous Samplers The sulfate particle data used in
the original investigation came from analyses of the high-
volume sampler filters. Sulfate particle concentrations were
also determined by x-ray fluorescence of the fine and coarse
dichotomous sampler filters during the years 1979–1981
and 1984–1988. Table 14 summarizes city-specific regres-
sion coefficients between the high-volume and dichoto-
mous determinations for coincident samples (1979–1984).
The dichotomous values represent inhalable (fine + coarse)
particles; as indicated in the right-hand column, the bulk of
inhalable sulfate is in the fine particle fraction. Even perfectly
accurate high-volume and dichotomous sampler sulfate values
need not be identical because high-volume samples, but not
dichotomous samples, could include sulfate carried by “non-
inhalable” particles larger than 10 or 15 �m in diameter. The
effect of this discrepancy in sampled size ranges is expected to
be tiny, however, because the dichotomous samplers found
little sulfate in particles larger than 2.5 �m. Figure 6 depicts the
correlation between dichotomous and high-volume sampler
levels of sulfate for each of the six cities.

Standard high-volume sampler filters are known to react
with ambient sulfur dioxide, yielding some artifactual sulfate
(Coutant 1977). The Teflon filters used by the dichotomous
samplers are inert, thus avoiding this artifact. The expected
relation of sulfate measurement from dichotomous samplers
to high-volume samplers is thus of the approximate form

dichotomous SO4
2� = b(high-volume SO4

2� ��a),

Table 13. Results and Parameter Estimates from Ordinary- 
Least-Squares Regressionsa of IP on FP and CPb 
Calculated for the Six Cities Study

Variable t

Epoch 1
(n = 325)

Epoch 2
(n = 450)

Epoch 3
(n = 711)

�g(high-volume)/�g(dichotomous)

FP Total 4.1 0.91 0.91 0.91

CP 3.0 1.08 1.08 1.08
Dinlet 5.8 0.19
CP Total 1.08 1.08 1.27

eIP (�g/m3) 7.7 7.5 9.7

a R2 = 0.84.
b IP values are from the 1997.file SSI high-volume sampler data, and FP 

and CP values are from the JAWMA.file dichotomous sampler data. 
Student t values are based on standard errors from classical theory; 
coefficients for FP and CP are tested against unity, and the adjustment 
Dinlet is tested against zero. IP prediction error (eIP) is the root-mean-
square difference between observed and predicted IP concentrations 
during indicated measurement epochs.

 

Table 14. Sulfate Concentrations from High-Volume and Dichotomousa Particle Samplers for the Six Cities Study

r2

Regression Coefficientsb 1979–1984 Interpolated Mean Sulfate

City n
Dichotomous 
��High-Volume Artifact

Observed
High-Volume
Sampler Data

Estimated 
Dichotomousc 
Sampler Data

Percentage from 
Fine Particle 
Channel of 

Dichotomous 
Samplers

Harriman 334 0.58 1.21 1.6 8.1 7.9 93
Portage 228 0.81 1.23 1.5 5.3 4.7 92
Steubenville 312 0.79 1.24 1.9 12.8 13.5 88
St Louis 217 0.76 1.10 1.0 8.0 7.6 92
Topeka 143 0.88 1.13 0.9 4.8 4.4 94
Watertown 246 0.71 1.23 1.7 6.5 5.9 90

a Values for dichotomous samplers represent inhalable (FP + CP) particles.
b Model: dichotomous SO4

2� = (dichotomous/high-volume)(high-volume SO4
2�

� artifact). Equal error variances are assumed for dichotomous and high-
volume sampler measurements.

c Calculated from observed high-volume sampler mean sulfate and the relation of dichotomous sampler to high-volume sampler data described in footnote b.
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where a���0 is the characteristic magnitude of the artifact,
and b ��1 is the ratio of incremental dichotomous sulfate
to incremental high-volume sulfate. Table 14 gives city-
specific coefficients for this relation from least-squares
fits with equal weighting of dichotomous and high-
volume errors.

The empirical values of high-volume artifact and
dichotomous/high-volume slope are reasonably consistent
across cities. The apparent artifacts are of plausible magni-
tude; but the high dichotomous/high-volume slopes are
difficult to explain as other than indicators of a systematic
error in one of the two determinations. The dichotomous

Figure 6. Sulfate determinations by high-volume and dichotomous (fine + coarse) samplers. Note the compressed scale on the Steubenville panel.
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excess in these coefficients is statistically significant at
each city and is evident in data cross-plots.

The empirical relation of dichotomous SO4
2�  =

b(high-volume SO4
2�� a), derived from limited coinci-

dent measurements, can be combined with the full data
series from the high-volume samplers to estimate the
1979–1984 sulfate averages that would have been
obtained from the dichotomous samplers if the 1982–
1983 samples had been chemically analyzed. (Ordinary
least-squares regression yields essentially the same esti-
mates for 1979–1984 dichotomous sulfate averages, dif-
fering by no more than 0.1 �g/m3.) Table 14 shows the
average difference between observed high-volume and
estimated dichotomous sulfate to be no more than about
10% because the apparent discrepancy between the

high-volume and dichotomous sampler calibrations
compensates for the high-volume sampler artifact.

Comparison of Reconstruct.file Total Suspended 
Particulate Data with the Same Data from 1997.file

The 1997.file includes TSP data for the years 1979–
1986, and the NEJM results were based on TSP data for
years 1977–1985; therefore, we have restricted our com-
parisons to the individual years contained in both
datasets (1979–1985).

Table 15 summarizes the annual mean TSP concen-
trations at each city from the 1997.file and from the
Reconstruct.file. The column of New TSP concentra-
tions refers to values in the Reconstruct.file but not in
the 1997.file. The column of total TSP concentrations

 

Table 15. Annual Mean TSP and Sulfate Concentrations Calculated from the 1997.file and the Reconstruct.file for the Six 
Cities Studya

1997.file Reconstruct.file

City and Year TSP n New TSPb n  Total TSP n SO4
2� n

Harriman
1979 55.7 170 48.9 60 48.9 60 7.9 170
1980 65.3 177 49.0 61 49.0 61 9.9 177
1981 52.2 166 52.3 39 52.1 193 6.7 166
1982 49.1 170 43.0 1 49.0 171 7.3 170
1983 45.7 131 43.8 5 45.6 136 8.9 131
1984 46.7 122 0 46.7 122 7.8 122
1985 51.5 111 0 51.5 111

Portage
1979 36.5 137 38.1 39 36.3 156 5.4 115
1980 33.9 156 38.5 16 34.5 164 5.9 134
1981 31.0 144 25.8 33 30.1 171 4.7 131
1982 33.4 152 22.8 8 32.8 160 5.1 152
1983 33.4 100 25.0 1 33.3 101 5.3 100
1984 31.9 113 0 31.9 113 5.2 113
1985 31.1 111 0 31.1 111

Steubenville
1979 77.1 125 104.0 365 104.0 365 14.3 105
1980 74.1 136 90.8 366 90.8 366 13.1 131
1981 74.7 143 86.4 365 86.4 365 13.0 119
1982 66.1 165 82.3 364 82.3 364 12.8 161
1983 63.5 130 72.2 365 72.2 365 12.4 130
1984 70.5 120 72.0 182 72.8 241 11.3 120
1985 68.4 113 0 68.4 113

(Table continues next page)

a Annual mean pollutant concentrations are given in �g/m3.
b Values in the Reconstruct.file but not in the 1997.file.
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represents all values in the Reconstruct.file, including
the new TSP values. In the early years for all six cities,
the TSP data in the 1997.file differ from those in
Reconstruct.file; the “early years” vary from city to
city, but are easily noted by the presence of data in the
“New TSP” column. Note that, for some years at some
cities, the data in the Reconstruct.file and 1997.file do
not overlap at all. At Harriman, for example, 1997.file
had TSP values from every-other-day sampling in
1979–1980, none of which reappear in Reconstruct.file;
al l  of  the every-sixth-day TSP values in Recon-
struct.file are “new”. At Steubenville, similarly, all the
the daily TSP values in Reconstruct.file are “new” in
the years before 1984.

The TSP values in 1997.file and the sulfate values in
Reconstruct.file generally follow a common schedule in each

city and appear to have come from the same high-volume
sampler, whereas the TSP values in Reconstruct.file appear
to include observations from a different instrument.
This pattern is evident in Table 16, which compares
daily data in the two files for one month at Steubenville.
Note that the every-third-day TSP values in 1997.file
match those in Reconstruct.file only after July 1; before
that, the values for the every-third-day sequence do not
match. The Audit Team inferred from this pattern that
(1) Reconstruct.file took TSP values after July 1, 1984,
from a high-volume that had sampled every third day
since 1979 or earlier, whose filters were both weighed for
TSP and chemically analyzed for sulfate (SO4

2� in
Table 16); (2) Reconstruct.file took TSP values before July
1, 1984, from a different high-volume that had sampled
daily until it was taken out of service on July 1, 1984,

Table 15 (continued). Annual Mean TSP and Sulfate Concentrations Calculated from the 1997.file and the 
Reconstruct.file for the Six Cities Studya 

City and Year

1997.file Reconstruct.file

TSP n New TSPb n  Total TSP n SO4
2� n

St Louis
1979 68.0 157 95.8 80 95.4 81 8.6 116
1980 78.9 162 55.8 9 79.5 156 10.4 92
1981 58.0 151 46.2 13 57.1 164 6.7 136
1982 50.5 174 0 50.5 174 7.6 174
1983 50.7 126 0 50.7 126 8.0 126
1984 48.4 117 0 48.4 117 7.5 116
1985 53.9 117 0 53.9 117

Topeka
1979 44.7 47 56.3 95 52.5 142 5.2 40
1980 63.8 78 87.3 46 72.6 124 4.4 69
1981 54.4 141 43.3 20 53.0 161 4.5 119
1982 52.8 152 0 52.8 152 4.5 151
1983 54.5 126 0 54.5 126 5.5 126
1984 50.4 114 0 50.4 114 4.9 114
1985 49.5 111 0 49.5 111

Watertown
1979 45.9 106 50.9 24 46.8 130 7.4 138
1980 55.7 172 62.2 1 55.7 173 7.7 138
1981 40.8 151 30.1 11 40.1 162 5.1 128
1982 41.3 157 0 41.3 157 6.0 157
1983 39.7 105 0 39.7 105 6.1 105
1984 41.9 108 0 41.9 108 6.5 107
1985 39.3 101 0 39.3 101

a Annual mean pollutant concentrations are given in �g/m3.
b Values in the Reconstruct.file but not in the 1997.file.
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whose filters were weighed for TSP but not chemically
analyzed; and (3) Reconstruct.file consistently took sul-
fate values from the first sampler, thereby taking TSP
and sulfate values from separate instruments before
July 1, 1984, and from a common instrument after July
1, 1984.

Year-to-year variations in TSP and sulfate provide
indirect support for the inference that the early TSP and
sulfate data in Reconstruct.file were taken from dif-
ferent high-volume samplers. The notable sulfate max-
imal levels recorded at Harriman and St Louis in 1980

correspond to the TSP maximal levels in 1997.file that
do not appear in Reconstruct.file.

VALIDATION OF THE ORIGINAL SIX CITIES 
STUDY ANALYSES

We reanalyzed the dataset provided by the Original
Investigators by the same methods used in the original
analyses by Dockery and colleagues (1993). Specifically,
we assessed the effect of air pollution on mortality using
the Cox proportional-hazards regression model (Cox
1972). We conducted regression analyses after control-
ling for the same risk factors considered by the Original
Investigators (smoking status, BMI, educational level,
and occupational exposure to dusts, gases, and fumes).
We stratified all Cox regression models by 5-year age
groups and sex, and calculated a baseline hazard for
each age-sex group. We used life-table methods to esti-
mate the survival probabilities for each year of follow-
up within each city (Cox and Oakes 1983; Lee 1992).
The detailed and complete results of the reanalysis of
the Six Cities Study data are contained in two appen-
dices that are available from the Health Effects Institute
upon request: Appendix E. Computer Programs Used in
the Replication of the Original Analyses of the Harvard
Six Cities Study; and Appendix F. Replication of the
Original Analyses of the Harvard Six Cities Study.

In order to evaluate the reproducibility of the orig-
inal findings, we summarized the results of the reanal-
ysis in the same format used in the NEJM publication
by Dockery and colleagues (1993). Specifically, we
compared Tables 1–5 and Figures 1–3 from the publica-
tion with the corresponding results of the reanalysis
and we provide a description of the findings in the sec-
tions that follow.

Validation of the Cohort Selection Process

The Mort6C.file provided by the Original Investigators
consisted of a cohort of 8,111 individuals. To replicate the
analytic cohort obtained from the Original Investigators,
all subjects who completed the initial questionnaire were
included. We then selected all individuals who were
white, who had two measures of pulmonary function, and
whose height was recorded. This cohort consisted of 8,111
individuals and it was identical to the original cohort ana-
lyzed by Dockery and colleagues (1993).

Results of the Reanalysis

During the course of the data audit, the Audit Team
found that the follow-up of some individuals had been ter-

Table 16. Comparison of One Month’s Daily Air Pollutant 
Values for Steubenville from the 1997.file and the 
Reconstruct.filea (Six Cities Study)

1997.file Reconstruct.file

SASDATE TSP TSP SO4
2�

15-Jun-84 53
16-Jun-84 62
17-Jun-84 70.6 101 18.4
18-Jun-84 68
19-Jun-84 62
20-Jun-84 93.3 66 9.2
21-Jun-84 83
22-Jun-84 91
23-Jun-84 63.3 87 16.9
24-Jun-84 63
25-Jun-84 49
26-Jun-84 90.4 66 17.8
27-Jun-84 108
28-Jun-84 90
29-Jun-84 107.5 92 24.3
30-Jun-84 117
01-Jul-84
02-Jul-84 87 87 9.1
03-Jul-84
04-Jul-84
05-Jul-84 30 30 7.3
06-Jul-84
07-Jul-84
08-Jul-84 69 69 19
09-Jul-84
10-Jul-84
11-Jul-84 41.7 41.7 11.7
12-Jul-84
13-Jul-84
14-Jul-84 112.4 112.4 3.9
15-Jul-84

a Pollutant values are given in �g/m3.
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minated early. Using additional follow-up data provided
by the Original Investigators, the Reanalysis Team con-
structed a second analytic dataset to adust for the problem
of early censorship of person-years. When we compared
the two cohorts, we discovered that 1% of the members of
the original Six Cities cohort had been censored before
being lost to follow-up.

The Reanalysis Team conducted two sets of validation
analyses for the Six Cities Study. The first analysis was
based on the Mort6C.file, which was one version of the
Mort6C/HSPH.file used by the Original Investigators. The
second analysis was based on the updated analytic cohort
that the Reanalysis Team corrected for early censorship.

The results of these two sets of analyses are summarized
below. Three versions of each table are shown, labeled as
a, b, and c. The first (a) is an exact replica of the table pub-
lished by Dockery and colleagues (1993); the second
(b) presents the results of our validation analysis using the
same analytic cohort the Original Investigators had used;
and the third (c) presents our results using the updated
analytic cohort that we corrected for early censorship.
Values presented in bold italic type in the reanalysis tables
indicate results different from those reported by the Orig-
inal Investigators.

 

   

Table 17a. Characteristics of the Study Population and Mean Air Pollution Levels in the Six Cities: Original Resultsa

Characteristic Portage Topeka Watertown Harriman St Louis Steubenville

Study Population Variables
Number of participants  1,631 1,239 1,336 1,258 1,296 1,351
Person-years of follow-up 21,618 16,111 19,882 17,836 17,715 17,914
Number of deaths   232 156 248 222 281 291
Deaths/1,000 person-years 10.73 9.68 12.47 12.45 15.86 16.24
Female sex (%)     52 56 56 54 55 56

Smokers (%)  36 33 40 37 35 35
Former-smokers (%) 24 25 25 21 24 23
Average pack-years of smoking

Current-smokers 24.0 25.6 25.2 24.5 30.9 28.0
Former-smokers  18.0 19.7 21.8 21.1 22.0 25.0

Less than high school education (%) 25 12 22 35 45 30
Average age (years) 48.4 48.3 48.5 49.4 51.8 51.6
Average body mass index 26.3 25.3 25.5 25.1 26.0 26.4
Job exposure to dust or fumes (%) 53 28 38 50 40 48

Air Quality Variables
Total particles (µg/m3) 34.1 56.6 49.2 49.4 72.5 89.9
Inhalable particles (µg/m3) 18.2 26.4 24.2 32.5 31.4 46.5
Fine particles (µg/m3) 11.0 12.5 14.9 20.8 19.0 29.6
Sulfate particles (µg/m3) 5.3 4.8 6.5 8.1 8.1 12.8

Aerosol acidity (nmol/m3) 10.5 11.6 20.3 36.1 10.3 25.2
Sulfur dioxide (ppb) 4.2 1.6 9.3 4.8 14.1 24.0
Nitrogen dioxide (ppb) 6.1 10.6 18.1 14.1 19.7 21.9
Ozone (ppb) 28.0 27.6 19.7 20.7 20.9   22.3

a From Dockery et al 1993; corresponds to Table 1 in the original publication (Copyright © 1993, Massachusetts Medical Society, all rights reserved). Air 
pollution values were measured in the following years: total particles, sulfur dioxide, nitrogen dioxide, and ozone, 1977 through 1985; inhalable and fine 
particles, 1979 through 1985; sulfate particles, 1979 though 1984; and aerosol acidity, 1985 through 1988.
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Characteristics of the Study Population and Mean Air 
Pollution Levels in the Six Cities Tables 17a, 17b, and
17c provide a summary of the characteristics of the study
population and the air pollution levels in each of the six
cities. The study population was characterized according
to sex, smoking history, education, age, BMI, and occupa-
tional exposure to dust, gases, or fumes. Air pollution was
characterized in terms of TSP, inhalable particles, fine par-
ticles, sulfate particles, aerosol acidity, sulfur dioxide,
nitrogen dioxide, and ozone.

The results of the reanalysis are in close agreement
with the original analysis (Table 17b). We found a slight

difference in average pack-years of smoking among former-
smokers in Watertown; the reanalysis indicated an average
of 21.0 pack-years compared with 21.8 pack-years in the
original analysis. This appears to be a typographic error in
the published results because the original manuscript
submitted to NEJM cited the average pack-years of
smoking in Watertown as 21.0. The Reanalysis Team also
calculated the percentage of participants occupationally
exposed to dust, gases, or fumes in Topeka to be 38%,
rather than 28% as reported in the original analysis. We
also found a few minor differences in estimates of some
metrics of particles in Harriman and St Louis. There was a

 

 

Table 17b. Characteristics of the Study Population and Mean Air Pollution Levels in the Six Cities: Reanalysis Results 
Using the Same Analytic Cohorta

Characteristic Portage Topeka Watertown Harriman St Louis Steubenville

Study Population Variables
Number of participants 1,631 1,239 1,336 1,258 1,296 1,351
Person-years of follow-up 21,618 16,111 19,882 17,835 17,715 17,914
Number of deaths 232 156 248 222 281 291
Deaths/1,000 person-years 10.73 9.68 12.47 12.45 15.86 16.24
Female sex (%) 52 56 56 54 55 56

Smokers (%) 36 33 40 37 35 35
Former-smokers (%) 24 25 25 21 24 23
Average pack-years of smoking

Current-smokers 24.0 25.6 25.2 24.5 30.9 28.0
Former-smokers 18.0 19.7 21.0 21.1 22.0 25.0

Less than high school education (%) 25 12 22 35 45 30
Average age (years) 48.4 48.3 48.5 49.4 51.8 51.6
Average body mass index 26.3 25.3 25.5 25.1 26.0 26.4
Job exposure to dust or fumes (%) 53 38 38 50 40 48

Air Quality Variables
Total particles (µg/m3) 34.1 56.6 49.2 49.4 72.5 89.9
Inhalable particles (µg/m3) 18.2 26.4 24.2 32.6 31.4 46.5
Fine particles (µg/m3) 11.0 12.5 14.9 20.9 19.0 29.6
Sulfate particles (µg/m3) 5.3 4.8 6.5 8.1 8.0 12.8

Aerosol acidity (nmol/m3) 10.5 11.6 20.3 36.1 10.3 25.2
Sulfur dioxide (ppb) 3.7 1.5 7.6 4.8 9.2 23.6
Nitrogen dioxide (ppb) 6.1 10.6 18.1 14.1 20.9 21.9
Ozone (ppb) 28.0 27.6 19.7 20.7 19.7 22.3

a Values in bold italics show Reanalysis Team results that differ from those reported by the Original Investigators.
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slightly greater discrepancy in estimates of sulfur dioxide
in Portage, Watertown, and St Louis.

Table 17c reports on the characteristics of the study pop-
ulation when the Reanalysis Team eliminated the early
censorship of person-years. We found some differences in
the person-years of follow-up and the number of deaths
reported originally. The person-years of follow-up
increased for all six cities; increases ranged from 67 person-
years in Watertown to 343 person-years in Portage. The
number of deaths increased in Portage (+3), Topeka (+4),
Harriman (+2), and Steubenville (+6), and decreased in
Watertown (�1).

Adjusted Mortality Rate Ratios Estimated from Cox 
Proportional-Hazards Models The Cox regress ion
model that we used produced an estimate of the mortality
rate, adjusted for age, sex, cigarette consumption, educa-
tion, and BMI for the six cities. These estimates of risk were
relative to Portage. (These are referred to as a mortality rate
ratio.) Portage was chosen by the Original Investigators
because it had the lowest levels of particles (excluding sul-
fate particles).

In addition, the Cox model produced estimates of the
mortality rate ratio for each of the other variables included
in the model (Table 18). For example, the mortality rate for

Table 17c. Characteristics of the Study Population and Mean Air Pollution Levels in the Six Cities: Reanalysis Results 
After Adjusting for Early Censoring of Person-Yearsa

Characteristic Portage Topeka Watertown Harriman St Louis Steubenville

Study Population Variables
Number of participants 1,631 1,239 1,336 1,258 1,296 1,351
Person-years of follow-up 21,961 16,342 19,949 17,911 17,789 18,052
Number of deaths 235 160 247 224 281 297
Deaths/1,000 person-years 10.70 9.79 12.38 12.51 15.80 16.45
Female sex (%) 52 56 56 54 55 56

Smokers (%) 36 33 40 37 35 35
Former-smokers (%) 24 25 25 21 24 23
Average pack-years of smoking

Current-smokers 24.0 25.6 25.2 24.5 30.9 28.0
Former-smokers 18.0 19.7 21.0 21.1 22.0 25.0

Less than high school education (%) 25 12 22 35 45 30
Average age (years) 48.4 48.3 48.5 49.4 51.8 51.6
Average body mass index 26.3 25.3 25.5 25.1 26.0 26.4
Job exposure to dust or fumes (%) 53 38 38 50 40 48

Air Quality Variables
Total particles (µg/m3) 34.1 56.6 49.2 49.4 72.5 89.9
Inhalable particles (µg/m3) 18.2 26.4 24.2 32.6 31.4 46.5
Fine particles (µg/m3) 11.0 12.5 14.9 20.9 19.0 29.6
Sulfate particles (µg/m3) 5.3 4.8 6.5 8.1 8.0 12.8

Aerosol acidity (nmol/m3) 10.5 11.6 20.3 36.1 10.3 25.2
Sulfur dioxide (ppb) 3.7 1.5 7.6 4.8 9.2 23.6
Nitrogen dioxide (ppb) 6.1 10.6 18.1 14.1 20.9 21.9
Ozone (ppb) 28.0 27.6 19.7 20.7 19.7 22.3

a Adjustment for early censoring was based on follow-up through March 15, 1991 for Harriman and through June 30, 1991 for all other cities, as specified by 
the Original Investigators. Values in bold italics show Reanalysis Team results that differ from those reported by the Original Investigators.



68

Part I: Replication and Validation

Table 18a. Adjusted Mortality Rate Ratios Estimated from Cox Proportional-Hazards Models: Original Results for the Six 
Cities Studya

Variable All Subjects Men Women

Current-smoker 1.59 (1.31–1.92) 1.75 (1.32–2.32) 1.54 (1.16–2.04)
25 Pack-years of smoking 1.26 (1.16–1.38) 1.25 (1.12–1.39) 1.18 (1.00–1.41)
Former-smoker 1.20 (1.01–1.43) 1.17 (0.93–1.48) 1.34 (1.02–1.77)
10 Pack-years of smokingb 1.15 (1.08–1.23) 1.16 (1.09–1.25) 1.15 (0.97–1.36)

Less than high school education 1.19 (1.06–1.33) 1.22 (1.06–1.41) 1.13 (0.95–1.35)
Body mass index 1.08 (1.02–1.14) 1.03 (0.95–1.12) 1.11 (1.03–1.20)

City
Portagec 1.00 (—) 1.00 (—) 1.00 (—)
Topeka 1.01 (0.82–1.24) 1.04 (0.79–1.36) 0.97 (0.71–1.34)
Harriman 1.17 (0.97–1.41) 1.21 (0.96–1.54) 1.07 (0.79–1.45)
Watertown 1.07 (0.89–1.28) 0.94 (0.73–1.20) 1.22 (0.93–1.61)
St Louis 1.14 (0.96–1.36) 1.15 (0.91–1.44) 1.13 (0.86–1.50)
Steubenville 1.26 (1.06–1.50) 1.29 (1.03–1.62) 1.23 (0.93–1.61)

a From Dockery et al 1993; corresponds to Table 2 in the original publication (Copyright © 1993, Massachusetts Medical Society, all rights reserved). Values 
are rate ratios (95% CIs). Rates have been adjusted for age, sex, and all other variables listed in the table. The rate ratios for body mass index are for an 
increase of 4.52 (1 SD). 

b This actually corresponds to 20 pack-years of smoking. The value 10 in this table was a typographical error in the original paper.
c City-specific rate ratios are all expressed in relation to Portage.

Table 18b. Adjusted Mortality Rate Ratios Estimated from Cox Proportional-Hazards Models: Reanalysis Results for the 
Six Cities Study Using the Same Analytic Cohorta 

Variable All Subjects Men Women

Current-smoker 1.59  (1.31–1.92) 1.75  (1.32–2.32) 1.54  (1.16–2.04)
25 Pack-years of smoking 1.26  (1.16–1.38) 1.26  (1.13–1.41) 1.18  (0.99–1.41)
Former-smoker 1.20  (1.01–1.43) 1.17  (0.93–1.48) 1.34  (1.02–1.77)
20 Pack-years of smoking 1.16  (1.09–1.23) 1.17  (1.10–1.25) 1.14  (0.97–1.35)

Less than high school education 1.19  (1.06–1.33) 1.22  (1.06–1.41) 1.13  (0.95–1.35)
Body mass index 1.08  (1.02–1.14) 1.03  (0.95–1.12) 1.12  (1.03–1.20)

City
Portageb 1.00  (—) 1.00  (—) 1.00  (—)
Topeka 1.01  (0.82–1.24) 1.04  (0.79–1.36) 0.97  (0.71–1.34)
Harriman 1.17  (0.97–1.41) 1.21  (0.96–1.54) 1.07  (0.79–1.45)
Watertown 1.07  (0.89–1.28) 0.94  (0.73–1.20) 1.22  (0.93–1.61)
St Louis 1.14  (0.96–1.36) 1.15  (0.91–1.44) 1.13  (0.86–1.50) 
Steubenville 1.26  (1.06–1.50) 1.29  (1.03–1.62) 1.23  (0.93–1.61)

a Values are rate ratios (95% CIs). Rates have been adjusted for age, sex, and all other variables listed in the table. The rate ratios for body mass index are for 
an increase of 4.52 (1 SD). Values in bold italics show Reanalysis Team results that differ from those reported by the Original Investigators.

b City-specific rate ratios are all expressed in relation to Portage.
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Table 18c. Adjusted Mortality Rate Ratios Estimated from Cox Proportional-Hazards Models: Reanalysis Results for the 
Six Cities Study After Adjusting for Early Censoring of Person-Yearsa

Variable All Subjects Men Women

Current-smoker 1.61 (1.33–1.95) 1.77 (1.34–2.34) 1.56 (1.18–2.06)
25 Pack-years of smoking 1.26 (1.15–1.37) 1.25 (1.12–1.40) 1.18 (0.99–1.41)
Former-smoker 1.21 (1.02–1.43) 1.17 (0.92–1.47) 1.37 (1.04–1.80)
20 Pack-years of smoking 1.15 (1.08–1.23) 1.17 (1.09–1.25) 1.14 (0.96–1.34)
Less than high school education 1.19 (1.07–1.33) 1.23 (1.06–1.42) 1.14 (0.96–1.36)
Body mass index 1.08 (1.02–1.14) 1.03 (0.95–1.12) 1.12 (1.04–1.21)
Cityb

Portage 1.00 (—) 1.00 (—) 1.00 (—)
Topeka 1.03 (0.84–1.26) 1.09 (0.83–1.42) 0.96 (0.70–1.31)
Harriman 1.19 (0.99–1.43) 1.24 (0.98–1.57) 1.07 (0.79–1.44)
Watertown 1.07 (0.89–1.29) 0.94 (0.73–1.20) 1.22 (0.93–1.61)
St Louis 1.15 (0.96–1.37) 1.16 (0.93–1.46) 1.12 (0.84–1.47)
Steubenville 1.28 (1.08–1.52) 1.30 (1.04–1.63) 1.26 (0.96–1.66)

a Values are rate ratios (95% CIs). Rates have been adjusted for age, sex, and all other variables listed in the table. The rate ratios for body mass index are for 
an increase of 4.52 (1 SD). Values in bold italics show Reanalysis Team results that differ from those reported by the Original Investigators.

b City-specific rate ratios are all expressed in relation to Portage.

subjects with less than high school education was divided
by the mortality rate for those with high school education
or more, and this had the value of 1.19 meaning that there
was a 19% increase in mortality among the less educated
relative to the more highly educated. The adjusted mor-
tality rate ratios are summarized in Tables 18a, 18b, and
18c. In the original version of this table (Table 18a), mor-
tality rate ratios are reported for subjects with 25 and 10
pack-years of smoking. During the course of the reanalysis,
we discovered that the rate ratios given for 10 pack-years
of smoking actually corresponded to 20 pack-years instead
of 10 (Table 18b). We confirmed this with the Original
Investigators; it appears this discrepancy was due to a
typographic error in the NEJM article.

When the Reanalysis Team adjusted for early censoring
of person-years, we found some small changes in the mor-
tality rate ratios (Table 18c); although small, the changes
are almost all in an upward direction.

Adjusted Mortality Rate Ratios for the Most-Polluted 
City Versus the Least-Polluted City Studied Tables 19a,
19b, and 19c present adjusted mortality rate ratios for the
most-polluted versus least-polluted city using fine parti-
cles as the indicator of air pollution (ie, the mortality rate
ratio was calculated for an increase in fine particle concen-
trations across the range of values represented by the
cities; thus, subjects in Steubenville were all assigned a
value of 29.6 �g/m3, those in Portage 11.0 �g/m3, those in
Topeka 12.5 �g/m3, those in Watertown 14.9 �g/m3, those
in Harriman 20.9 �g/m3, those in St Louis 19.0 �g/m3; and

Table 19a. Adjusted Mortality Rate Ratios for the Most-
Polluted Versus Least-Polluted Cities Studied by Smoking 
Status, Sex, and Occupational Exposure: Original Results 
for the Six Cities Studya

Group of Subjects
Number of 
Subjects

Number of 
Deaths

Rate Ratio
(95% CI)

All 8,096 1,429b 1.26 (1.08–1.47)

Nonsmokers 3,266 431 1.19 (0.90–1.57)
Women 2,280 292 1.15 (0.82–1.62)
Men 986 139 1.29 (0.80–2.09)

Former-smokers 1,934 432 1.35 (1.02–1.77)
Women 670 106 1.48 (0.82–2.66)
Men 1,264 326 1.31 (0.96–1.80)

Current-smokers 2,896 566 1.32 (1.04–1.68)
Women 1,478 201 1.23 (0.83–1.83)
Men 1,418 365 1.42 (1.05–1.92)

No occupational 
exposurec 4,455 686 1.17 (0.93–1.47)
Women 3,151 417 1.13 (0.85–1.50)
Men 1,304 269 1.27 (0.85–1.92)

Occupational 
exposurec 3,641  743 1.35 (1.10–1.65)
Women 1,277 182 1.32 (0.86–1.50)
Men 2,364 561 1.35 (1.07–1.69)

a From Dockery et al 1993; corresponds to Table 3 in the original publication 
(Copyright © 1993, Massachusetts Medical Society, all rights reserved). 
Fine particle concentration was used as the indicator of air pollution. The 
highest pollution level was in Steubenville and the lowest in Portage. 
Rates have been adjusted for age, sex, smoking, education, and body mass 
index. Fifteen subjects were excluded because of missing data on weight.

b Although Table 17a indicates a total of 1,430 deaths, the 15 excluded 
subjects (noted in footnote a) included one death.

c To gases, fumes, or dust.
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the regression model included a term for fine air particles
instead of the variable representing cities). The rate ratios
are reported by smoking status, sex, and occupational
exposure, and are adjusted for age, sex, smoking,
education, and BMI. The reanalysis (Table 19b) indicated
that the total number of male current-smokers should be
1,419 rather than 1,418 as reported in the NEJM article.
The Original Investigators explained that information on
weight was missing for one male smoker, so that subject
had not been used in this analysis. The Reanalysis Team
found an apparent discrepancy in the 95% upper confi-
dence limit on the mortality rate ratio for occupational
exposure to gases, fumes, or dust among women; the
reanalysis produced an upper limit of 2.04 compared with
the original value of 1.50 (Table 19b).

Again, when the Reanalysis Team eliminated the early
censorship of person-years (Table 19c), some slight

changes in the mortality rate ratios resulted. We did not
consider these changes to be of epidemiologic importance.

Estimated Mortality Rate Ratios for the Most-Polluted 
City Versus the Least-Polluted City in Selected Analytic 
Models In Tables 20a, 20b, and 20c different analytic
models are applied to calculate the mortality rate ratios for
the most-polluted city (Steubenville) versus the least-pol-
luted city (Portage) using fine particles as the indicator of
air pollution. All rate ratios are adjusted for age and sex.
The reanalysis produced results identical to those reported
by the Original Investigators (Table 20b).

When the Reanalysis Team corrected for early censor-
ship of person-years, some slight changes were found in all

Table 19b. Adjusted Mortality Rate Ratios for the Most-
Polluted City Versus Least-Polluted City Studied by 
Smoking Status, Sex, and Occupational Exposure: 
Reanalysis Results for the Six Cities Study Using the Same 
Analytic Cohorta

Group of 
Subjects

Number of 
Subjects

Number of 
Deaths

Rate Ratio 
(95% CI)

All 8,096 1,429 1.26 (1.08–1.47)

Nonsmokers 3,265 431 1.19 (0.90–1.57)
Women 2,280 292 1.15 (0.82–1.62)
Men 985 139 1.29 (0.80–2.09)

Former-smokers 1,934 432 1.35 (1.02–1.77)
Women 670 106 1.48 (0.82–2.66)
Men 1,264 326 1.31 (0.96–1.79)

Current-smokers 2,897 566 1.32 (1.04–1.68)
Women 1,478 201 1.23 (0.83–1.83)
Men 1,419 365 1.42 (1.05–1.92)

No occupational 
exposureb 4,455 686 1.17 (0.93–1.47)
Women 3,151 417 1.13 (0.85–1.50)
Men 1,304 269 1.27 (0.85–1.92)

Occupational 
exposureb 3,641 743 1.35 (1.10–1.65)
Women 1,277 182 1.32 (0.86–2.04) 
Men 2,364 561 1.35 (1.07–1.69)

a Fine particle concentration was used as the indicator of air pollution. 
The city with the highest pollution level was Steubenville and that with 
the lowest was Portage. Rates have been adjusted for age, sex, smoking, 
education, and body mass index. Values in bold italics show Reanalysis 
Team results that differ from those reported by the Original Investigators.

b To gases, fumes, or dust.

Table 19c. Adjusted Mortality Rate Ratios for the Most-
Polluted City Versus Least-Polluted City Studied by 
Smoking Status, Sex, and Occupational Exposure: 
Reanalysis Results for the Six Cities Study After Adjusting 
for Early Censoring of Person-Yearsa

Group of
Subjects

Number of 
Subjects

Number 
of Deaths

Rate Ratio 
(95% CI)

All 8,096 1,443 1.28 (1.10–1.48)

Nonsmokers 3,265 433 1.22 (0.92–1.60)
Women 2,280 293 1.21 (0.86–1.70)
Men 985 140 1.26 (0.78–2.04)

Former-smokers 1,934 435 1.33 (1.01–1.75)
Women 670 107 1.54 (0.86–2.75)
Men 1,264 328 1.28 (0.94–1.75)

Current-smokers 2,897 575 1.34 (1.06–1.70)
Women 1,478 205 1.25 (0.85–1.85)
Men 1,419 370 1.43 (1.06–1.93)

No occupational 
exposureb 4,455 694 1.21 (0.96–1.53)
Women 3,151 421 1.19 (0.90–1.58)
Men 1,304 273 1.29 (0.86–1.93)

Occupational 
exposureb 3,641  749 1.34 (1.10–1.64)
Women 1,277 184 1.33 (0.86–2.04)
Men 2,364 565 1.33 (1.06–1.67)

a Fine particle concentration was used as the indicator of air pollution. 
The city with the highest pollution level was Steubenville and that with 
the lowest was Portage. Rates have been adjusted for age, sex, smoking, 
education, and body mass index. Values in bold italics show Reanalysis 
Team results that differ from those reported by the Original Investigators.

b To gases, fumes, or dust.
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Table 20b. Estimated Mortality Rate Ratios for the Most-Polluted City Versus the Least-Polluted City Using Selected 
Models: Reanalysis Results for the Six Cities Study Using the Same Analytic Cohorta 

Model Number Variables Includedb
Rate Ratio
(95% CI)

1 Fine particles 1.31 (1.13–1.52)
2 Model 1 + all smoking variables 1.29 (1.11–1.49)
3 Model 2 + high school education 1.26 (1.08–1.47)
4 Model 3 + body mass index 1.26 (1.08–1.47)
5 Model 4 + occupational exposures 1.26 (1.08–1.46)
6 Model 5 excluding 1,439 subjects with hypertension 1.25 (1.04–1.50)
7 Model 5 excluding 561 subjects with diabetes 1.29 (1.09–1.52)

a Fine particle concentration was used as the indicator of air pollution. The city with the highest pollution level was Steubenville and that with the lowest 
was Portage. In addition to the variables specified, rates have been adjusted for age and sex.

b Subjects with hypertension had been treated for high blood pressure within 10 years before enrollment; subjects with diabetes were those who had ever 
been told by a doctor that they had diabetes, had glucose in their urine, or had too much glucose in their blood.

Table 20c. Estimated Mortality Rate Ratios for the Most-Polluted City Versus the Least-Polluted City Using Selected 
Models: Reanalysis Results for the Six Cities Study After Adjusting for Early Censoring of Person-Yearsa

Model Number Variables Includedb Rate Ratio (95% CI)

1 Fine particles 1.32 (1.14–1.54)
2 Model 1 + all smoking variables 1.30 (1.12–1.51)
3 Model 2 + high school education 1.28 (1.10–1.48)
4 Model 3 + body mass index 1.28 (1.10–1.48)
5 Model 4 + occupational exposures 1.27 (1.10–1.48)
6 Model 5 excluding 1,439 subjects with hypertension 1.28 (1.07–1.53)
7 Model 5 excluding 561 subjects with diabetes 1.30 (1.11–1.53)

a Fine particle concentration was used as the indicator of air pollution. The city with the highest pollution level was Steubenville and that with the lowest 
was Portage. In addition to the variables specified, rates have been adjusted for age and sex. Values in bold italics show Reanalysis Team results that differ 
from those reported by the Original Investigators.

b Subjects with hypertension had been treated for high blood pressure within 10 years before enrollment; subjects with diabetes were those who had ever 
been told by a doctor that they had diabetes, had glucose in their urine, or had too much glucose in their blood.

Table 20a. Estimated Mortality Rate Ratios for the Most-Polluted City Versus the Least-Polluted City Using Selected 
Models: Original Results for the Six Cities Studya

Model
Number Variables Includedb

Rate Ratio
(95% CI)

1 Fine particles 1.31 (1.13–1.52)
2 Model 1 + all smoking variables 1.29 (1.11–1.49)
3 Model 2 + high school education 1.26 (1.08–1.47)
4 Model 3 + body mass index 1.26 (1.08–1.47)
5 Model 4 + occupational exposures 1.26 (1.08–1.46)
6 Model 5 excluding 1,439 subjects with hypertension 1.25 (1.04–1.50)
7 Model 5 excluding 561 subjects with diabetes 1.29 (1.09–1.52)

a From Dockery et al 1993; corresponds to Table 4 in the original publication (Copyright © 1993, Massachusetts Medical Society, all rights reserved). Fine 
particle concentration was used as the indicator of air pollution. The city with the highest pollution level was Steubenville and that with the lowest was 
Portage. In addition to the variables specified, rates have been adjusted for age and sex.

b Subjects with hypertension had been treated for high blood pressure within 10 years before enrollment; subjects with diabetes were those who had ever 
been told by a doctor that they had diabetes, had glucose in their urine, or had too much glucose in their blood.
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of the mortality rate ratios (maximum difference 0.03
[Table 20c]).

Adjusted Mortality Rate Ratios for Current-Smokers, 
Former-Smokers, and for the Most-Polluted City Versus 
the Least-Polluted City by Cause of Death Tables 21a,
21b, and 21c show adjusted mortality rate ratios for cur-
rent-smokers and former-smokers, each compared with
nonsmokers, and then both smoker groups residing in the
most-polluted city versus those in the least-polluted city
(with fine particle concentration being used as the indi-
cator of air pollution). For the former two analyses, these
rate ratios are adjusted for age, sex, smoking, education,
and BMI. These mortality rate ratios represent risk of death
for a current-smoker with 25 pack-years of smoking and a
former-smoker with 20 pack-years of smoking (the average

pack-years at enrollment for each group) compared with
never-smokers. The adjusted mortality rate ratios for cur-
rent-smokers were estimated by multiplying the risk ratio
for current-smokers by the risk ratio for the number of
pack-years smoked (25). The rate ratios for former-smokers
were calculated in a similar fashion.

The Original Investigator determined 95% confidence
intervals (CIs) by using the following formula:

95 % CI for RR (Current-Smoker) =
exp{�1 + �2 + �3 ± 1.96 [Var(�1) + Var(�2) + Var(�3)]½}

where �1, �2, and �3 are the estimates of the logarithm of
the relative risk for the indicator variable representing cur-
rent smoking, number of pack-years of cigarettes smoked,
and number of years of smoking, respectively, and with the

Table 21a. Adjusted Mortality Rate Ratios for Current-Smokers, Former-Smokers, and for Both Smoking Groups in the 
Most-Polluted City Versus the Least-Polluted City by Cause of Death: Original Results for the Six Cities Studya

Cause of Death
Percent of 

Total Deaths Current-Smokerb Former-Smokerc
Most- vs Least- 
Polluted City

All 100 2.00 (1.51–2.65) 1.39 (1.10–1.75) 1.26 (1.08–1.47)
Lung cancer 8.4 8.00 (2.97–21.6) 2.54 (0.90–7.18) 1.37 (0.81–2.31)
Cardiopulmonary disease 53.1 2.30 (1.56–3.41) 1.52 (1.10–2.10) 1.37 (1.11–1.68)
All others 38.5 1.46 (0.89–2.39) 1.17 (0.80–1.73) 1.01 (0.79–1.30)

a From Dockery et al 1993; corresponds to Table 5 in the original publication (Copyright © 1993, Massachusetts Medical Society, all rights reserved). 
Values are rate ratios (95% CIs). Fine particle concentration was used as the indicator of air pollution. The city with the highest pollution level was 
Steubenville and that with the lowest was Portage. Rates have been adjusted for age, sex, smoking, education, and body mass index.

b The risk of death for a current-smoker with approximately the average number of pack-years of smoking at enrollment (25 pack-years) compared with that 
for a nonsmoker.

c The risk of death for a former-smoker with approximately the average number of pack-years of smoking at enrollment (20 pack-years) compared with that 
for a nonsmoker.

  

Table 21b. Adjusted Mortality Rate Ratios for Current-Smokers, Former-Smokers, and for Both Smoking Groups in the 
Most-Polluted City Versus the Least-Polluted City by Cause of Death: Reanalysis Results for the Six Cities Study Using the 
Same Analytic Cohorta

Cause of Death
Percent of 

Total Deaths Current-Smokerb Former-Smokerc
Most- vs Least- 
Polluted City

All 100 2.00 (1.74–2.31) 1.39 (1.20–1.61) 1.26 (1.08–1.47)
Lung cancer 8.4 8.00 (3.85–16.63) 2.55 (1.12–5.80) 1.37 (0.81–2.32)
Cardiopulmonary disease 53.1 2.30 (1.88–2.82) 1.52 (1.23–1.87) 1.37 (1.11–1.68)
All others 38.5 1.46 (1.17–1.82) 1.17 (0.93–1.48) 1.01 (0.79–1.30)

a Values are rate ratios (95% CIs). Fine particle concentration was used as the indicator of air pollution. The city with the highest pollution level was 
Steubenville and that with the lowest was Portage. Rates have been adjusted for age, sex, smoking, education, and body mass index. Values in bold italics 
show Reanalysis Team results that differ from those reported by the Original Investigators.

b The risk of death for a current-smoker with approximately the average number of pack-years of smoking at enrollment (25 pack-years) compared with that 
for a nonsmoker.  

c The risk of death for a former-smoker with approximately the average number of pack-years of smoking at enrollment (20 pack-years) compared with that 
for a nonsmoker.  



73

D Krewski et al

corresponding estimates of variance denoted by Var(�•).
Interval estimation using this approach assumes that the
parameter estimates are statistically independent, though
these parameters are actually correlated.

When recalculating CIs for current- and former-smokers,
the Reanalysis Team incorporated statistical dependence
between the parameter estimates into the calculation of the
CI by applying the formula:

95% CI for RR (Current-Smoker) = 
exp(�1 + �2 + �3 ± 1.96 {Var(�1) + … + Var(�3) 
+ 2[Cov(�1, �2) + … + Cov(�1, �3)]}½)

where Cov(�1,�2) is the estimated covariance between the
parameter estimates. (We refer to this as a direct method.)
Covariances were estimated using the SAS procedure for
the Cox proportional-hazards model. The CIs are narrower
using this approach than those determined by the method
the Original Investigators used (Table 21b).

Once again, when the Reanalysis Team corrected for the
early censorship of person-years, we noted slight increases
in the risk ratios (Table 21c).

Annual Average Concentrations of Total Particles, Fine 
Particles, and Sulfate Particles in the Six Cities Figures
7 through 9 show the levels of TSP, fine particles, and sulfate
particles in each city. In seeking to validate the original
results on the basis of air quality data provided by the Orig-
inal Investigators, the Reanalysis Team found some discrep-

ancies in what had been published in the NEJM article. The
Reanalysis Team received directly from Dr Dockery on July 29,
1999, the dataset we used to recompute the long-term means
published by Dockery and colleagues. The dataset was used by
the Reanalysis Team to reproduce the long-term averages and
annual average concentrations of pollutants cited in the orig-
inal paper.

The Reanalysis Team noted a number of discrepancies
among the published averages, those received from Dr Dockery
(personal communication from Douglas Dockery to the
Reanalysis Team on March 31, 1999) and the ones we com-
puted. The results of this step are summarized in Tables 17a,
17b, and 17c.

For all gaseous pollutants other than sulfur dioxide, the dis-
crepancies the Reanalysis Team noted were minor and could
be attributed to approximations in intermediate steps or to use
of different software or procedures within the same software.
For St Louis, the mean concentrations for nitrogen dioxide and
ozone were apparently reversed in the NEJM article. This was
either a typographic or transcription error in the article.

We were not able to reproduce the mean concentrations for
sulfur dioxide except for Harriman. The discrepancies in
means ranged from 0.1 µg/m3 for Topeka to 4.9 µg/m3 for St
Louis. The published means for both TSP and sulfur dioxide
were computed from annual averages (personal communica-
tion from Douglas Dockery to the Reanalysis Team on March
31, 1999). The Reanalysis Team followed the same proce-
dures. We calculated annual averages first and then used those

  

Table 21c. Adjusted Mortality Rate Ratios for Current-Smokers, Former-Smokers, and for Both Smoking Groups in the 
Most-Polluted City Versus the Least-Polluted City by Cause of Death: Reanalysis Results for the Six Cities Study After 
Adjusting for Early Censoring of Person-Yearsa

Cause of Death
Percent of 

Total Deaths Current-Smokerb Former-Smokerc
Most- vs Least- 
Polluted City

All 100 2.03 (1.76–2.33) 1.39 (1.20–1.61) 1.28 (1.10–1.48)
Lung cancer 8.2 8.07 (3.89–16.75) 2.52 (1.10–5.74) 1.43 (0.85–2.41)
Cardiopulmonary disease 51.7 2.30 (1.88–2.82) 1.52 (1.23–1.87) 1.38 (1.12–1.69)
All others 37.6 1.44 (1.16–1.80) 1.17 (0.94–1.47) 1.01 (0.79–1.30)

a Values are rate ratios (95% CIs). Fine particle concentration was used as the indicator of air pollution. The city with the highest pollution level was 
Steubenville and that with the lowest was Portage. Rates have been adjusted for age, sex, smoking, education, and body mass index. Values in bold italics 
show Reanalysis Team results that differ from those reported by the Original Investigators.

b The risk of death for a current-smoker with approximately the average number of pack-years of smoking at enrollment (25 pack-years) compared with that 
for a nonsmoker.

c The risk of death for a former-smoker with approximately the average number of pack-years of smoking at enrollment (20 pack-years) compared with that 
for a nonsmoker.
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Figure 7. Annual Average Concentrations of Total Particles in the Six Cities. Top panel: Original results from Dockery and associates 1993 (Figure 1 top
panel; Copyright © 1993, Massachusetts Medical Society, all rights reserved). Bottom panel: Reanalysis Team’s results.

Figure 8. Annual Average Concentrations of Fine Particles in the Six Cities. Top panel: Original results from Dockery and associates 1993 (Figure 1 middle
panel; Copyright © 1993, Massachusetts Medical Society, all rights reserved). Bottom panel: Reanalysis Team’s results. (Note: The Original Investigators did
not use the 1986 data for Watertown or the 1988 data for Kingston-Harriman because only one measurement was taken in these two cities in those years.) 
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to compute long-term average concentrations. However, the
discrepancies still persisted.

Some discrepancies are noticeable in the graphic plots
as well. Figures 7, 8, and 9 show differences in years of
coverage between the published and the computed plots.
First, for TSP (Figure 7), data entries prior to 1975 (1973
and 1974 data mostly) were not used in the original publi-
cation; from 1975 on, the original and reanalysis plots are
consistent. Second, the data points for fine particles
(Figure 8) prior to 1980 were omitted from the original
graph. These data exist for all cities except Harriman. In
addition, fine particle data for later years were not shown
in the original plots; these are Harriman in 1988 and
Watertown in 1986, as shown in Figure 8. Third, data for
sulfate particles before 1978 were not used in the original
analyses, except for Harriman, where the data start in 1977
(Figure 9). In the original figure, data are plotted for all
cities (except Watertown) beyond 1985. However, the
Reanalysis Team found no data entries for the years 1986–
1988 in the data file; in fact, we found data for 1985 only
for St Louis, Topeka, and Watertown.

Crude Probability of Survival in the Six Cities by Years 
of Follow-up Figure 10 (which was Figure 2 in NEJM)
illustrates the crude probability of survival in each of the
six cities according to the number of years of follow-up.
The Reanalysis Team found no differences between our
results and those reported by the Original Investigators.

Figure 9. Annual Average Concentrations of Sulfate Particles in the Six Cities. Top panel: Original results from Dockery and associates 1993 (Figure 1
bottom panel; Copyright © 1993, Massachusetts Medical Society, all rights reserved). Bottom panel: Reanalysis Team’s results.

Figure 10. Crude Probability of Survival in the Six Cities, According to
Years of Follow-Up. Original results from Dockery and associates 1993
(Figure 2; Copyright © 1993, Massachusetts Medical Society, all rights
reserved).
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Estimated Adjusted Mortality Rate Ratios and Pollution 
Levels in the Six Cities Each panel of Figure 11 (which
was Figure 3 in the NEJM) shows the relation between
mortality rate ratios in each city on the basis of one mea-
sure of air pollution: TSP, fine particles, sulfur dioxide,
sulfate particles, aerosole acidity, or ozone. The reanalysis
revealed no discrepancies in the original findings.

THE AMERICAN CANCER SOCIETY STUDY

In 1982, the ACS initiated a large prospective cohort
study, which involved subjects from all 50 United States,
the District of Columbia, and Puerto Rico, known as the
Cancer Prevention Study II (CPS-II). Enrollment had been
restricted to persons who were at least 30 years of age and
who were members of households with at least one indi-
vidual 45 years of age or older. Each participant had com-
pleted a four-page questionnaire (see Appendix D), which
included items on age, sex, weight, height, demographic

characteristics, family history of cancer, disease history,
use of medication and vitamins, occupational exposures,
dietary habits, use of alcohol and tobacco, and aspects of
exercise and health-related behaviors.

Vital status for all CPS-II participants, from September
1, 1982, through December 31, 1989, had been determined
using personal inquiries and automated record linkage to
the NDI. Death certificates had been subsequently
obtained from state health departments and coded by a
nosologist. The nosologist coded the underlying cause of
death according to the ICD-9.

From the CPS-II cohort of approximately 1.2 million
adults, Pope and colleagues (1995) included all subjects
who had no missing data for a specific set of variables
obtained from the questionnaire, and for whom a death cer-
tificate had been obtained if they were deceased. Two sub-
sets of this population were defined if they had resided, at
the time of enrollment, in (1) one of 151 metropolitan areas
(MAs) for which sulfate particle measurements had been
collected during the years 1980–1982, or (2) one of 50 MAs
for which fine particle measurements had been collected
during the years 1979–1983. (The 151 MAs with sulfate
measurements included all but three of the 50 MAs with
fine particle measurements; thus, data were collected for
154 total cities.) The population subset with exposure to
sulfate particles totaled 552,138 adult subjects (referred to
as the sulfate cohort), of which 295,223 subjects were also
in the population subset with exposure to fine particles
(referred to as the fine particle cohort). Risk factor data for
individuals were obtained from the CPS-II. (Hereafter, the
study by Pope and associates [1995], as published in the
American Journal of Respiratory and Critical Care Medi-
cine [AJRCCM], is referred to as the ACS Study.†)

A total of 38,963 deaths were recorded in the sulfate
cohort and 20,765 deaths in the fine particle cohort. Sepa-
rate analyses were performed for deaths from: all causes
combined, lung cancer, cardiopulmonary disease, and all
others.

Two measures of air pollution, fine particles and sul-
fate, were modeled. The mean concentration of sulfate air
pollution by MA during 1980 was estimated using data
from the EPA Aerometric Information Retrieval System
(AIRS) database. These means were calculated as the
averages of annual arithmetic mean 24-hour sulfate
values for all monitoring sites in the 151 MAs. Mean sul-
fate concentrations averaged 11 �g/m3 and ranged from
3.6 to 23.5 �g/m3. The median concentration of fine par-
ticles between 1979 and 1983 was estimated from the

Figure 11. Estimated Adjusted Mortality Rate Ratios and Pollution Levels
in the Six Cities. Original results from Dockery and associates 1993 (Figure
3; Copyright © 1993, Massachusetts Medical Society, all rights reserved).
P = Portage, T = Topeka, W = Watertown, L = St Louis, H = Harriman, and
S = Steubenville.

† The original article appears in its entirety at the end of this Special Report.
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EPA’s dichotomous sampler network by Lipfert and col-
leagues (1988). These estimates of fine particle levels had
been used previously in a population-based cross-sectional
mortality study of 50 MAs. The average median fine par-
ticle concentration was 18.2 �g/m3 and overall values
ranged from 9.0 to 33.5 �g/m3 (Lipfert 1993).

Cox proportional-hazards regression models were used
to calculate adjusted mortality risk ratios. The time axis was
defined using calendar time from the date of enrollment.
Statistical adjustments were made for several covariates
that included, among others, smoking, education, BMI, and
alcohol consumption. In addition, the potential con-
founding influence of occupational exposures on the esti-
mates of air pollution, such as diesel engine exhaust, wood
dust, and fumes, was evaluated. All models were stratified
by 5-year age categories, gender, and race, which allowed
each sex-age-race stratum to have its own baseline hazard.
To determine the extent to which the results were con-
founded by differences in climates across the MAs, vari-
ables that accounted for relatively hot or cold conditions
were added to the models. Cox proportional-hazards
models were estimated separately for all causes of death
combined and the three cause-of-death subcategories: lung
cancer (ICD-9 code 162), cardiopulmonary disease (ICD-9
codes 401–440 and 460–519), and all others.

Both sulfate and fine particle exposures were found to be
associated with an excess risk of all-cause mortality. The
ratio of the mortality risk for all causes of death for subjects
in the most-polluted city relative to those in the least-pol-
luted city was estimated to be 1.15 (95% CI: 1.09–1.22) for
the sulfate cohort and 1.17 (95% CI: 1.09–1.26) for the fine
particle cohort.

AUDIT OF STUDY POPULATION DATA

Data Provided and Source Documents Accessible for the 
Data Audit

In the absence of a study protocol, we audited the data
against the study methods and results as presented in the
publication by Pope and colleagues (1995). Because of
space limitations at the ACS offices, most of the Audit
Team’s activities were conducted offsite.

One of the difficulties the Audit Team faced was that the
original staff of the ACS Study who managed the data col-
lection and databases were no longer employed by ACS. Dr
Eugenia Calle of the ACS facilitated contacts with Ms Cathy
Lally, who had been employed by ACS after the data collec-
tion and much of the programming had been completed.
(Ms Lally was no longer employed by ACS, but performed
work on a periodic consulting basis.) She assisted the
Audit Team with issues about coding and programming.

The ACS staff reconstructed SAS datasets corre-
sponding to the analytic files that had been used by the
Original Investigators (hereafter, these electronic datasets
are referred to collectively as Analytic.files). These
datasets contained all of the variables derived from the
questionnaires used in the original analysis (see Appendix
D), vital status of the participants, and average annual sul-
fate and particle levels in the cities.

The Audit Team relied on code books, copies of micro-
filmed records, and printouts of computer programs pro-
vided to the Reanalysis Team. This database has continued
to be updated for use in other studies. Therefore, the Audit
Team worked with the reconstructed version of the data-
base, as it existed at the time of study publication. From
discussions the Audit Team had with Ms Lally, it was clear
that, while reconstructing the database for transfer to the
Reanalysis Team, she had carefully examined the com-
puter programs and quality control process and responded
to any issues that she uncovered. This process was impor-
tant to the audit, but was not formalized.

Sampling the Dataset and Assessing Error Rates in the 
Original Data: Subsets of Study Population and 
Deceased Subjects

The original study cohort included 552,138 men and
women who filled out questionnaires on health and life-
style. As in the audit of the Six Cities Study, we randomly
selected questionnaires for 250 subjects. The Audit Team
coordinator met with the Reanalysis Team and identified
variables from the questionnaires to be verified and used
in the sensitivity analyses (Table 22).

Records of vital status had been lost when the ACS
offices moved from New York to Atlanta. For 44 of the
250 subjects in the audit sample, the Audit Team ascer-
tained vital status from a later American Cancer Society
Nutrition Survey; for these subjects, vital status could be
positively confirmed because they were alive at a date later
than the termination date for follow-up in the cohort used
in the ACS Study. For the remaining 206 subjects, the
Audit Team ascertained vital status by checking the NDI;
in addition, we searched the Social Security Death Index
available on the Internet (http://www.ancestry.com).

The total number of deaths used in the ACS Study anal-
yses was 51,137; from this group of deceased subjects, the
Audit Team randomly selected a second 250-subject subset
of death certificates. The ACS Original Investigators pro-
vided the Audit Team with a list containing full names and
dates of birth for these 250 deceased subjects.

For each death certificate, the Audit Team’s nosologist
coded the underlying cause of death according to the
ICD-9 and compared it with the code that had been used in
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original analysis. The Audit Team identified possible cases
in which an ICD-9 code for an immediate or contributing
cause of death had been used rather than the ICD-9 code
for the underlying cause. From the microfilm copies of
each of the death certificates, the Audit Team also tracked
the notation of the ICD-9 code through its entry into the
Analytic.files and noted any transcription errors.

Printouts of the Analytic.files provided to the Reanalysis
Team were used to check specific data points for each vari-
able in the subsets of questionnaires and death certificates.

Subset of Study Population: Questionnaires

Questionnaire Variables All original questionnaires
and death certificates had been destroyed after filming
because of storage space considerations. Questionnaires
were found on the microfilm for 249 out of 250 subjects.
One microfilm copy of a questionnaire could not be
located because the roll and frame numbers were missing.
The Audit Team could not determine if this missing record
was due to an error in microfilming or in the actual
retrieval and data management of the study.

Questionnaire Validation Variable for SID Number    We
matched each 14-digit SID number from the Analytic.files
with the 14-digit identification number on the question-
naire. Errors were found in 3 (1.2%) of the 249 question-

naires: one in the division number, one in the unit number,
and one in the group number.

Sex and Race We found no inconsistencies in the
recording of sex or race.

Age at Enrollment The Audit Team noted one minor
inconsistency in recording the age at enrollment in that the
age had been rounded up to the next year.

Height and Weight We detected no errors in the presenta-
tion of height and weight.

Smoking Status and Passive Exposure to Smoke Informa-
tion on active smoking and passive exposure to smoke was
contained in 11 variables. The Original Investigators had
recorded total years of smoking for current- and former-
smokers directly from the questionnaire responses. The
participants’ answer to “total years of smoking” did not
always match the number of years calculated from their
responses to “age began smoking” and “age quit smoking”.
Other coding conventions limited the hours per day of pas-
sive exposure to smoke.

The Audit Team found good consistency between the
Analytic.files and the questionnaires. We found no incon-
sistencies for five of the eight smoking variables; the other
three had one error per variable. Likewise, we found no
inconsistencies in two of the variables regarding passive

Table 22. List of Variables for Reanalysis Team to Audit and the Criteria for Declaring Errors in the ACS Study

Original Questionnaire Variable Subvariable Criteria

Subject identification number Any difference
Age at enrollment Any difference
Sex Any difference
Race Any difference
Vital status Death month and year if applicable Any difference
Survival time from date of enrollment Survival censored at end of study, 12/31/89 Any difference

Cigarette smoking status Current and former Any difference
Pipe and cigar smoking status Current and former Any difference
Years smoked Current and former Any difference
Cigarettes per day Current and former Any difference
Hours per day exposed to passive smoke Any difference

Height Any difference
Weight Any difference
Number of alcoholic drinks per day Any difference
Education Any difference
Occupational exposure to asbestos, 
chemicals/solvents/acids, coal/stone
dust, tar/pitch/asphalt, diesel exhaust, 
formaldehyde

Any difference
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exposure to smoke, but found two inconsistencies for
exposure to “passive smoke elsewhere”.

Alcohol Intake Three variables provided information on
intake of alcohol. We found no errors in these data.

Occupational Exposures Six variables were used to
record occupational exposures to asbestos, chemicals/
acids/solvents, coal/stone dust, coal tar/pitch/asphalt,
diesel engine exhaust, and formaldehyde. These variables
had then been collapsed into one variable for the statistical
analyses by identifying a participant as occupationally
exposed if a “1” for “yes” appeared for any one of the six
variables. The Audit Team detected no errors in any of
these six variables.

Education Although the education variable presented
gradations in years of education, the final analyses com-
pared those with and those without a high school educa-
tion. We detected no errors in this latter variable.

Vital Status and Date of Death for Deceased Members of 
the Questionnaire Subset We identified 11 subjects from
the questionnaire subset who were deceased. The date of
death was represented by the month and year of death. We
verified the vital status for members of the subset using
two sources of information: a list of participants who took
part in an American Cancer Society Nutrition Survey (con-
ducted after completion of the ACS Study) and Social
Security information available on the Internet.

However, to confirm that all individuals in the question-
naire subset identified as alive had indeed been alive at the
ending date of the study, we needed additional informa-
tion. At the request of the Audit Team, the ACS staff sub-
mitted the list of 250 names to the National Center for
Health Statistics. There, technicians searched the NDI
records for deaths that occurred during the study follow-
up period of 1982–1989; they identified 242 records as
possible matches for 71 individuals in the questionnaire
subset. The Audit Team then reviewed each record, com-
paring the ACS and NDI entries for full name, SSN when
available, date of birth (month and year), sex, race, marital
status, state of residence, state of birth, and date of death
(month and year).

By reviewing the NDI records, the Audit Team docu-
mented the month and year of death for the 11 individuals
from this sample that had been identified as deceased by
the ACS. For the other 60 individuals for whom one or
more possible matches were detected, the Audit Team con-
cluded that none of the possible NDI records represented
subset members. Three cases were reviewed closely

because they had no SSN in the ACS records and they
matched NDI records on the basis of first and last name,
birth month and year, sex, and race. However, the match
was not consistent with the ACS records for state of resi-
dence or state of birth. Therefore, the Audit Team con-
cluded that these possible matches did not reflect deaths
of subset members and that the ACS coding of vital status
was consistent with NDI records.

Thus, the Audit Team confirmed the vital status and
dates of death (for 11 individuals) for all members of the
questionnaire subset.

Survival Time The Audit Team recalculated this variable
for each subject in the questionnaire subset. We noted no
errors in the calculations and no inconsistences between
this variable and the ascertainment of vital status previ-
ously described.

Subset of Deceased Subjects: Death Certificates

We audited the data given to the Reanalysis Team
against source documents provided for a random sample
of 250 deceased subjects.

We drew the random sample from deaths that had
occurred during the first 6 years of the study, the original
length of follow-up. The Original Investigators had added
a seventh year of follow-up. Deaths only among men
during this seventh year were included in the analysis.
This oversight had been detected before the Atlanta audit
and Ms Lally had completed the follow-up of women and
had redone the analysis.

The Original Investigators provided the Audit Team
with a listing of full names and dates of birth for the 250
subjects in the subset of deceased subjects. Of the 250
death certificates we requested, the Original Investigators
retrieved 240 that had legible cause-of-death information.
The ten missing or incomplete death certificates included
six with missing microfiche roll and file information, one
identified as “destroyed”, one microfiche record that was
blurred, one with an illegible cause of death, and one
missing the cause-of-death section. For the 242 deaths we
could verify, all had occurred before December 31, 1989,
the study’s ending date.

We audited the following variables by comparing infor-
mation in the ACS Analysis.files to the death certificate
copies:

• date of birth in Analysis.files versus date of birth on 
the death certificate;

• date of death in Analysis.files versus the date of death 
on the retrieved death certificate;
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• subject identification information (SID, full name, 
birth date) in Analysis.files versus the same informa-
tion on the death certificate; and

• ICD-9 cause-of-death code in Analysis.files versus 
code interpreted by the Audit Team nosologist from 
the death certificate.

Date of Birth The Audit Team found 11 dates of birth on
death certificates that did not match the dates of birth in
the Analysis.files, which had been derived from the partic-
ipant’s own entry on the questionnaire.

Date of Death We noted two inconsistencies, one in the
month and one in the year of death.

Correct Death Certificate Due to variations in spelling
of last names, or differences in dates of birth, or both, the
Audit Team could not verify 15 death certificates as per-
taining to the study subjects identified. We forwarded the
SID numbers for these individuals to Dr Calle, who
returned addresses, states of birth, names of spouses, and
SSNs when available. We were then able to verify that all
but one death certificate represented the appropriate study
participant. That one death certificate clearly did not rep-
resent the intended study subject because the match had
been based only on the phonetic spelling of the last name
and the state of death. The Audit Team tracked the actual
subject using Social Security information available on the
Internet.

Cause-of-Death Codes As described for the Six Cities
Study, the Audit Team nosologist compared the cause-of-
death code with the one in the Analysis.files.

The variable containing cause-of-death information
included either a two-digit CPS-II code (code book pro-
vided by Dr Calle) or a four-digit ICD-9 code. The two-digit
code was a consolidation of ICD-9 codes. If a two-digit
entry appeared, the Audit Team nosologist converted her
ICD-9 code to the broader two-digit code on the basis of
entries in the code book and then compared her code with
that in the Analysis.files.

In 15 (6.3%) of the 240 death certificates with legible
cause-of-death information, the Audit Team’s two- or four-
digit code did not match the code in the Analysis.files.
Broad disease categories for cause-of-death analyses had
been used by the Original Investigators. In 4 (1.6%) of the
240 death certificates, using the Audit Team’s code would
have altered the broad disease category. Details of these
and other discrepancies are shown in Table 23.

The Audit Team next tracked how information had been
incorporated into the broad disease categories used in the

original analyses. Ms Lally again provided programming
documentation. The program identified the cause-of-death
code as codetype=1 (the two-digit CPS-II code) or code-
type=2 (the four-digit ICD-9 code) and then proceeded
with the following algorithm:

• asthma deaths were identified if code1 = 16 or 
4930–4939;

• cardiopulmonary deaths were identified if code1 = 01, 
03, 04, 05, 06, 07, 13, 14, 15, 16, 17, 18, 4010–4059, 
4100–4179, 4200–4389, 4400–4409, 4800–4969, 
4600–4789, or 5000–5199; due to the “else if” com-
mand used in each section, asthma deaths would not 
be included in this category because they had already 
been identified in an earlier step as belonging to the 
category of asthma deaths;

• lung cancer deaths were identified if code1 = 62 or 
1620–1629; and

• all deaths not belonging to the first three groups were 
classified as “other”.

The Audit Team detected a minor error in the computer
program: the two-digit codes of 0A and 0B were coded as
“other”. However, as 0A referred to ICD-9 code 416.9,
chronic pulmonary heart disease unspecified, and 0B
referred to 440.9, generalized and unspecified atheroscle-
rosis, these deaths should have been coded as cardiopul-
monary, yet the program assigned them to the default
“other” category. The Audit Team brought this to the atten-
tion of Dr Calle and Ms Lally, who searched the databases
for individual records with a code 0A or 0B. For the total
cohort, 16 deaths had been coded as 0A and 55 deaths had
been coded as 0B. These 71 deaths had been grouped with
“other” deaths rather than with cardiopulmonary deaths.
The Audit Team concluded that this small number of addi-
tional cardiopulmonary deaths would not have affected
the original results from the ACS Study.

AUDIT OF AIR QUALITY DATA

The ACS Study was not originally designed as an air
pollution study. The air quality monitoring data used for
the ACS analyses came from various sources, some of
which are now technologically difficult to access. Docu-
mentation of the statistical reduction procedures has been
lost. Summary statistics for different groups of standard
metropolitan statistical areas had been derived by different
investigators. These data sources do not indicate whether
the tabulated values refer to all or a subset of monitors in a
region or whether they represent means or medians.
Values of sulfate for some cities could have come from sev-
eral different sources. No information was available on any
procedures that may have been applied to screen data. It
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Table 23. Discrepancies in Codes Assigned to Causes of Death on Death Certificates Used by the ACS Study

Code in Analytic.files
Causes of Death on Death 

Certificate Comments
Code by Audit Team’s 

Nosologist

59 (159): Malignant neoplasm 
of other/ill-defined sites 
within digestive organs

Line a: Metastasis 
adenocarcinoma 
(primary unknown)

Adenocarcinoma does not 
necessarily originate in 
digestive organs (eg, lung 
adenocarcinoma)

99 (199.0): Malignant neo-
plasm without specification 
of site, disseminated

10: Thrombosis Line a: Acute pulmonary 
embolism

Line b: Thrombophlebitis, 
lower extremities

Line c: Severe 
hypercalcemia with 
venous stasis

One other case also had 
pulmonary embolism 
(line a) and venous stasis 
(line b) on death certifi-
cate, yet had been coded 
as a 4 rather than as a 10 
like this case 

4 (415.1): Pulmonary embo-
lisma 

01: Ischemic heart disease Line a: Septic shock
Line b: Overwhelming 
septicemia

28 (038.9): Septicemiaa

57: Cancer of pancreas Line a: Cancer, liver with 
hepatic coma; pancrea-
titis

55 (155.2): Liver cancer

05: Other forms of heart 
disease (includes conges-  
tive heart failure)

Line a: Cardiopulmonary 
arrest

Line b: Class IV 
congestive heart failure

Line c: Renal failure 

23 (586): Renal failurea

22: All other digestive 
diseases

Line a: Gangrene of large 
and small bowel

Line b: Portal vein 
thrombosis

Line c: Lactic acidosis

10 (453.8): Thrombosis of 
other specified veins

01: Ischemic heart disease Line a: Broncho-
pneumonia

Atherosclerotic heart dis-
ease was listed in Part II 
(other significant con-
ditions)

13: Pneumonia 

414.0: Coronary 
atherosclerosis

Line a: Intracerebral 
hemorrhage (days)

Line b: Atherosclerotic 
heart disease (years)

06 (431.0): Cardiovascular 
aneurysm (stroke)

73: Cancer of skin Line a: Metastatic 
squamous cell carcinoma

Squamous cell carcinoma 
does not necessarily origi-
nate from skin (eg, lung 
squamous cell carcinoma)

99 (199.0): Malignant neo-
plasm without specification 
of site, disseminated

54: Cancer of rectum Line a: Disseminated 
intravascular 
coagulopathy

Line b: Colon cancer with 
liver metastasis

53: Cancer of colon

(Table continues next page)

a If the Audit Team’s code were used, the grouping of diseases would have changed in the final analysis.
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was not possible to audit instrument operating logs, filter
weights, or other raw data records.

VALIDATION OF THE ORIGINAL ACS STUDY ANALYSES

The Reanalysis Team completed the validation using the
SAS datasets provided by the Original Investigators. We
used the same variables, the same criteria, and the same
methods to replicate the results reported by Pope and col-
leagues (1995).

We estimated the mortality risk ratios with multiple
regression analyses using the Cox proportional-hazards
regression model (Cox 1972) as implemented in the SAS
program. We computed mortality risk ratios (and their
associated 95% CIs) due to sulfate and fine particle air
pollution for lung cancer, cardiopulmonary disease, and
all-cause mortality. As in the original analyses, we con-
trolled for smoking, education, BMI, and other risk factors.
We stratified all analyses by 5-year age categories, gender,
and race (white, black, and other) and calculated separate
baseline hazards for each age-sex-race stratum.

Table 23 (continued). Discrepancies in Codes Assigned to Causes of Death on Death Certificates Used by the ACS Study 

Code in Analytic.files
Causes of Death on Death 

Certificate Comments
Code by Audit Team’s 

Nosologist

410.0: Acute mycocardial
infarction

Line a: Cardiopulmonary 
arrest

Line b: Acute myocardial 
infarction

Line c: Atherosclerotic 
heart disease

Line d: Acute 
myelogenous leukemia

36 (205.0): Acute 
myelogenous leukemia 
(leukemia)a

53: Colon cancer
Line a: Adenocarcinoma, 
abdomen, generalized

Adenocarcinoma in abdomen 
of woman is not necessarily 
colon cancer, could also be 
endometrial (uterus) or other 
parts of digestive tract

59 (159): Malignant neoplasm 
within digestive organs and 
peritoneum

05: Heart disease “Deferred”, then in 
different writing, the 
notation “4292”; 
“Pending” was written in 
the block for “Suicide, 
homicide, undetermined 
or pending investigation” 

This would be the correct 
group for 429.2, cardiovascu-
lar disease, unspecified

Could not code, because a cause 
of death had not been 
determined

01: Ischemic heart disease Line a: Cardiorespiratory 
arrest

Line b: Arteriosclerotic 
heart disease

Line c: Cardiovascular 
aneurysm

06: Cardiovascular aneurysm 
(stroke)

03: Hypertension Line a: Congestive heart 
failure

Line b: ACVD

05: Other forms of heart disease, 
includes congestive heart 
failure

20: Cirrhosis of liver Line a: Sepsis
Line b: Intestinal 
infarction 

Part II (other significant
conditions) noted alcoholic 
cirrhosis, but this section is 
not coded as the underlying 
cause of death

22 (557.0): Vascular insuffi-
ciency of intestine

a If the Audit Team’s code were used, the grouping of diseases would have changed in the final analysis.
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The complete results of the reanalysis are included in
two appendices, which are available from the Health Effects
Institute upon request: Appendix G. Computer Programs
Used in the Replication of the American Cancer Society
Study, and Appendix H. Replication of the Original Anal-
ysis of the American Cancer Society Study (Based on the
Subcohort Used by the Original Investigators).

Validation of the Cohort Selection Process

The CPS-II cohort included 1,185,102 participants.
Because only a subset of that cohort was used in the ACS
Study, the Reanalysis Team first replicated the selection
process. We selected all participants who lived within
each MA for which data on sulfate or fine particle pollut-
ants were available. To do this, we used a program that
mapped the participants’ ZIP codes onto MAs (see Part II
for a further discussion of these methods). This procedure
resulted in two population subcohorts, those used for the
sulfate analyses (referred to as the sulfate cohort) and those
used for the fine particle analyses (referred to as the fine
particle cohort). Next, we excluded those participants for
whom relevant information was missing. Using these two
procedures, the Reanlysis Team selected 559,049 individ-
uals for the sulfate cohort and 298,817 individuals for the
fine particle cohort. Because a number of the MAs had pol-
lution data regarding both fine particles and sulfate, some
participants were members of both cohorts.

We found a different number of subjects than had been
reported by the Original Investigators: 552,138 individuals
in the sulfate cohort and 295,223 individuals in the fine par-
ticles cohort. Thus, the Reanalysis Team assigned 6,911
more subjects to the sulfate cohort and 3,594 more individ-
uals to the fine particle cohort. The Original Investigators
confirmed that this discrepancy was due to a typographic
error in coding the formula used to determine the number of
years that female former-smokers had been free of smoking.
Consequently, the original SAS program had assigned a
“missing” value to this variable and mistakenly excluded
these individuals (7,706 female former-smokers in total).

When we began the reanalysis, the Original Investiga-
tors pointed out two other oversights in the original anal-
yses. First, whereas the original publication had reported
that deaths had been determined until December 31, 1989,
only women who died before September 1, 1988, were
included, thus excluding 5,421 female deaths. Second,
they had intended that deaths from asthma would be cate-
gorized with deaths from cardiopulmonary disease.
Instead, a computing error included these subjects in the
all-cause mortality group. Because of this error, 83 asthma
deaths (in men and women) had been coded incorrectly.

Results of the Reanalysis

For the first part of the validation analysis, we used the
same cohort that the Original Investigators had used. For
the second part, we included the 7,706 female former-
smokers and the 5,421 female deaths that had been in-
advertently left out of the original analyses. We also
treated the 83 asthma deaths as cardiopulmonary deaths in
this analysis.

Characteristics of Subjects in the ACS Analytic Cohort 
and Air Pollution Levels The Reanalysis Team assessed
the following characteristics of the study population and
the air pollution indices: number of MAs for each pollutant
index, number of subjects, number of deaths, mean age at
enrollment, sex, race, a profile of subjects’ smoking experi-
ences (cigarettes/day, number of years smoked, pipe/cigar
smoker, and passive exposure to smoke), occupational
exposure, education level, BMI, alcohol use, and exposure
to air pollutants.

To compare the Original Investigators’ results with those
of the Reanalysis Team, Table 24 provides summary profiles
of the original analytic cohort derived from CPS-II and the
two indices of exposure to particulate air pollution: mean
concentrations of sulfate particles for 1980 in the partici-
pants’ areas of residence (derived from the US EPA’s AIRS
database) and median fine particle concentrations for 1979
through 1983 (calculated from the EPA’s dichotomous sam-
pler network). (The original results were presented in Table
1 of the AJRCCM publication.)

Although we confirmed the mean concentration of sul-
fate particles to be 11.0 �g/m3, we calculated the SD to be
3.3 �g/m3 rather than 3.6 �g/m3. We also found the SD for
fine particles to be 4.4 �g/m3, slightly lower than the Orig-
inal Investigators’ value of 5.1 �g/m3.

In the second part of the validation, which included the
7,706 female former-smokers and the additional 5,421
female deaths, we calculated a total of 43,361 deaths in the
revised sulfate cohort of 559,049 individuals and 23,093
deaths among 298,817 individuals in the revised fine par-
ticle cohort. The percentage of females increased from
56.0% to 56.6% in the sulfate cohort and from 55.9% to
56.4% in the fine particle cohort. The percentages of cur-
rent-smokers decreased slightly in both cohorts, whereas
the percentage of former-smokers increased slightly. We
also noted some small differences in the duration and
intensity of smoking among former-smokers. The per-
centage of individuals subject to occupational exposures
decreased slightly in both cohorts.
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Adjusted Mortality Risk Ratios by Cause of Death for 
Cigarette Smoking and for a Difference in Pollution

Mortality risk ratios were calculated by replacing the variable
representing the city (MA) in the statistical model with a con-
tinuous, linear variable representing either the mean of
ambient sulfate or the median of fine particles. In this way, an
exposure-response pattern was estimated according to level
of pollution. Following the Original Investigators, we
expressed the mortality risk ratios for an increase in particles
across their entire ranges (Table 24). For sulfate particles, this
factor was 19.9 �g/m3 and for fine particles it was 24.5 �g/m3.

The relative risk of mortality among current-smokers was
derived by multiplying the relative risks associated with a
series of smoking variables. These variables included indi-
cators for current smoking status, daily consumption of cig-
arettes, and number of pack-years. In practice, this summary
measure of risk was calculated by taking the exponential of
the sum of the logarithm of the individual risks associated
with these variables. The risk of mortality calculated in this
manner assumed that, on average, a current-smoker con-
sumed 20 cigarettes a day and had 25 pack-years at enroll-
ment compared with a never-smoker.

Table 24. Summary Characteristics of Subjects in the ACS Study’s Analytic Cohort and in the Reanalysis Cohort

Original Analysisa Validation Reanalysisb

Characteristic
Analysis with 

Sulfate Particles
Analysis with
Fine Particles

Analysis with 
Sulfate Particles

Analysis with
Fine Particles

Number of metropolitan areas 151 50 151 50
Number of subjects 552,138 295,223 559,049 298,817
Number of deaths 38,963 20,765 43,361 23,093
Age at enrollment (mean) 56.5 56.6 56.6 56.6
Sex (% female) 56.0 55.9 56.6 56.4
Race (%)

White 94.2 94.0 94.2 94.0
Black 4.1 4.1 4.1 4.1
Other 1.7 1.9 1.7 1.9

Current cigarette smokers (%) 22.0 21.6 21.7 21.4
Cigarettes/day (mean) 22.0 22.1 22.0 22.1
Years smoked (mean) 33.5 33.5 33.5 33.5

Former cigarette smokers (%) 29.1 29.4 30.0 30.2
Cigarettes/day (mean) 22.0 22.0 21.5 21.6
Years smoked (mean) 22.3 22.2 22.2 22.0

Pipe/cigar smokers only (%) 4.1 3.9 4.0 3.9
Passive smoke (mean hours/day) 3.2 3.2 3.2 3.2

Occupational exposure (%) 20.0 19.5 19.8 19.4
Less than high school 
education (%)

12.3 11.3 12.3 11.3

Body mass index (mean) 25.1 25.0 25.1 25
Alcohol (mean drinks/day) 1.0 1.0 1.0 1
Sulfate particles (�g/m3)

Mean 11.0 11.0
SD 3.6 3.3
Range 3.6–23.5 3.6–23.5

Fine particles (�g/m3)
Average median 18.2 18.2
SD 5.1 4.4
Range 9.0–33.5 9.0–33.4

a Original results from Pope et al 1995; corresponds to Table 1 in the original publication (reprinted with permission from the American Journal of 
Respiratory and Critical Care Medicine, the Official Journal of the American Thoracic Society; Copyright © 1995 American Lung Association).

b Reanalysis results based on revised ACS cohort. Values in bold italics show Reanalysis Team results that differ from those reported by the Original 
Investigators.
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Table 25a. Adjusted Mortality Risk Ratios by Cause of Death for Cigarette Smoking and for a Difference in Pollution: 
Original Result of the ACS Studya

Cause of Death Current-Smokerb Sulfatec (19.9 �g/m3) Fine Particlesc (24.5 �g/m3)

All 2.07 (1.75–2.43) 1.15 (1.09–1.22) 1.17 (1.09–1.26)
Lung cancer 9.73 (5.96–15.9) 1.36 (1.11–1.66) 1.03 (0.80–1.33)
Cardiopulmonary disease 2.28 (1.79–2.91) 1.26 (1.16–1.37) 1.31 (1.17–1.46)
All other 1.54 (1.19–1.99) 1.01 (0.92–1.11) 1.07 (0.92–1.24)

a From Pope et al 1995; corresponds to Table 2 in the original publication (reprinted with permission from the American Journal of Respiratory and Critical 
Care Medicine, the Official Journal of the American Thoracic Society; Copyright © 1995 American Lung Association). The difference in pollution equals 
the most-polluted areas compared with the least-polluted areas using either the sulfate or fine particle concentration as the measure of combustion-source 
air pollution. Values are risk ratios (95% CIs), which have been adjusted for age, sex, race, exposure to passive cigarette smoke, body mass index, drinks 
per day of alcohol, education, and occupational exposure.

 b Risk ratios for cigarette smoking are estimated from the model using sulfate data and correspond to the risk of death for a current-smoker with 25 years of 
smoking 20 cigarettes per day compared with a never-smoker.

c Risk ratios have also been adjusted for cigarette smoking.

Table 25b. Adjusted Mortality Risk Ratios by Cause of Death for Cigarette Smoking and for a Difference in Pollution: 
Renalysis Results for the ACS Study Using the Same Analytic Cohorta

Cause of Death     Current-Smokerb Sulfatec (19.9 �g/m3) Fine Particlesc (24.5 �g/m3)

All 2.07 (1.98–2.16) 1.15 (1.09–1.22) 1.17 (1.09–1.26)
Lung cancer 9.73 (8.31–11.39) 1.36 (1.11–1.66) 1.03 (0.80–1.33)
Cardiopulmonary disease 2.28 (2.14–2.43) 1.26 (1.16–1.37) 1.31 (1.17–1.46)
All other 1.54 (1.44–1.64) 1.01 (0.93–1.11) 1.07 (0.95–1.21)

a The difference in pollution equals the most-polluted areas compared with the least-polluted areas using either the sulfate or fine particle concentration as 
the measure of combustion-source air pollution. Values are risk ratios (95% CIs), which have been adjusted for age, sex, race, exposure to passive cigarette 
smoke, body mass index, drinks per day of alcohol, aducation, and occupational exposure. Values in bold italics show Reanalysis Team results that differ 
from those reported by the Original Investigators.

 b Risk ratios for cigarette smoking are estimated from the model using sulfate data and correspond to the risk of death for a current-smoker with 25 years of 
smoking 20 cigarettes per day compared with a never-smoker.

c Risk ratios have also been adjusted for cigarette smoking.

Table 25c. Adjusted Mortality Risk Ratios by Cause of Death for Cigarette Smoking and for a Difference in Pollution: 
Reanalysis Results for the ACS Study Based on the Revised ACS Cohorta

Cause of Death Current-Smokerb Sulfatec (19.9 �g/m3) Fine Particlesc (24.5 �g/m3)

All 2.06 (1.97–2.14) 1.16 (1.10–1.23) 1.18 (1.10–1.27)
Lung cancer 10.13 (8.73–11.76) 1.36 (1.13–1.65) 1.02 (0.80–1.30)
Cardiopulmonary disease 2.31 (2.17–2.46) 1.28 (1.19–1.39) 1.32 (1.19–1.46)
All other 1.50 (1.41–1.60) 1.02 (0.93–1.11) 1.09 (0.98–1.22)

a The difference in pollution equals the most-polluted areas compared with the least-polluted areas using either the sulfate or fine particle concentration as 
the measure of combustion-source air pollution. Values are risk ratios (95% CIs), which have been adjusted for age, sex, race, exposure to passive cigarette 
smoke, body mass index, drinks per day of alcohol, aducation, and occupational exposure. Values in bold italics show Reanalysis Team results that differ 
from those reported by the Original Investigators.

 b Risk ratios for cigarette smoking are estimated from the model using sulfate data and correspond to the risk of death for a current-smoker with 25 years of 
smoking 20 cigarettes per day compared with a never-smoker.

c Risk ratios have also been adjusted for cigarette smoking.



86

Part I: Replication and Validation

Tables 25a, 25b, and 25c present adjusted mortality risk
ratios (and 95% CIs) by cause of death for current-smokers
and for an increase of 19.9 �g/m3 sulfate or an increase of
24.5 �g/m3 fine particles (Table 25a gives original results
as they were presented in Table 2 of the original publica-
tion; Table 25b shows the Reanalysis Team’s results using
the same cohort; and Table 25c shows results using the
revised cohort). The mortality risk ratios were adjusted for
age, sex, race, cigarette smoking, passive exposure to ciga-
rette smoke, BMI, drinks per day of alcohol, education,
and occupational exposure.

The Original Investigators used a conservative method of
calculating CIs on the mortality risk ratios for current-
smokers. (For a complete description of the different formulas
to calculate CIs used by the Original Investigators and by the
Reanalysis Team, see the Six Cities Study section Adjusted
Mortality Rate Ratios for Current-Smokers, Former-Smokers,
and for the Most-Polluted Versus the Least-Polluted City by
Cause of Death.) Using the method preferred by the Reanalysis
Team, the CIs for current-smokers were somewhat narrower
(see Table 25c) than those calculated by the Original Investiga-
tors. For example, the original 95% CI of 5.96–15.9 for lung
cancer mortality among current-smokers decreased in width
to 95% CI: 8.31–11.4.

When we included additional data in the second part of
the validation analysis, the mortality risk ratios for both
sulfate and fine particle exposure tended to increase. For
example, the mortality risk ratio for deaths from cardiopul-
monary disease associated with sulfate exposure increased
from 1.26 (95% CI: 1.16–1.37) to 1.28 (95% CI: 1.19–1.39).

Adjusted Mortality Risk Ratios for the Most-Polluted 
Areas Compared with the Least-Polluted Areas for 
Deaths from All Causes, Lung Cancer, and 
Cardiopulmonary Disease by Gender and Smoking 
Status Tables 26 and 27 summarize the adjusted mor-
tality risk ratios by gender and smoking status for an
increase in particles across their ranges for deaths due to
all causes, lung cancer, and cardiopulmonary disease. The
mortality risk ratios were adjusted for age, sex, race, ciga-
rette smoking, passive exposure to cigarette smoke, BMI,
drinks per day of alcohol, education, and occupational
exposures. (Tables 26a and 27a give original results as they
were presented in Table 3 of the AJRCCM publication;
Tables 26b and 27b show the Reanalysis Team’s results
using the same cohort; and Tables 26c and 27c show the
Reanalysis Team’s results using the revised cohort.)

Although the first part of the validation analysis pro-
duced only trivial discrepancies between the Reanalysis
Team’s results and those of the Original Investigators
(Tables 26b and 27b), including additional data in the
second part of the validation analyses again tended to
increase the estimates of the mortality risk ratios. For
example, the mortality risk ratios for female ever-smokers
increased in three analyses: (1) for all causes of death asso-
ciated with sulfate exposure (Tables 26a and 26c), it
increased from 1.14 (95% CI: 0.97–1.33) to 1.18 (95% CI:
1.04–1.35); (2) for cardiopulmonary deaths associated with
sulfate exposure it increased from 1.30 (95% CI: 1.01–1.66)
to 1.44 (95% CI: 1.17–1.78); and (3) for cardiopulmonary
deaths associated with fine particle exposure (Tables 27a
and 27c), it increased from 1.27 (95% CI: 0.92–1.74) to 1.32
(95% CI: 1.01–1.72).

Table 26a. Adjusted Mortality Risk Ratios for the Most-Polluted Areas Compared with the Least-Polluted Areas for Deaths 
from All Causes, Lung Cancer, and Cardiopulmonary Disease by Gender and Smoking Status for Sulfate (19.9 �g/m3): 
Original Results of the ACS Studya

Study Group All Causes Lung Cancer Cardiopulmonary Disease

All combined 1.15 (1.09–1.22) 1.36 (1.11–1.66) 1.26 (1.16–1.37)
Women 1.18 (1.06–1.30) 1.17 (0.80–1.72) 1.39 (1.20–1.61)
Men 1.14 (1.06–1.23) 1.43 (1.13–1.81) 1.20 (1.08–1.33)

Never-smokers 1.18 (1.06–1.30) 1.51 (0.73–3.11) 1.36 (1.19–1.58)
Women 1.20 (1.06–1.36) 1.61 (0.66–3.92) 1.44 (1.20–1.74)
Men 1.14 (0.97–1.34) 1.36 (0.40–4.66) 1.28 (1.03–1.58)

Ever-smokers 1.14 (1.06–1.23) 1.35 (1.10–1.66) 1.20 (1.08–1.33)
Women 1.14 (0.97–1.33) 1.10 (0.72–1.68) 1.30 (1.01–1.66)
Men 1.14 (1.05–1.24) 1.44 (1.14–1.83) 1.17 (1.05–1.32)

a From Pope et al 1995; corresponds to the left half of Table 3 in the original publication (reprinted with permission from the American Journal of 
Respiratory and Critical Care Medicine, the Official Journal of the American Thoracic Society; Copyright © 1995 American Lung Association). Values are 
risk ratios (95% CIs), which have been adjusted for age, sex, race, cigarette smoking, exposure to passive cigarette smoke, body mass index, drinks per day 
of alcohol, education, and occupational exposure. 
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Table 26b. Adjusted Mortality Risk Ratios for the Most-Polluted Areas Compared with the Least-Polluted Areas for Deaths 
from All Causes, Lung Cancer, and Cardiopulmonary Disease by Gender and Smoking Status for Sulfate (19.9 �g/m3): 
Renalysis Results for the ACS Study Using the Same Analytic Cohorta

Study Group All Causes Lung Cancer Cardiopulmonary Disease

All combined 1.15 (1.09–1.22) 1.36 (1.11–1.66) 1.26 (1.16–1.37)
Women 1.18 (1.07–1.30) 1.17 (0.80–1.72) 1.39 (1.20–1.62)
Men 1.14 (1.05–1.22) 1.43 (1.13–1.81) 1.20 (1.08–1.33)

Never-smokers 1.18 (1.07–1.30) 1.51 (0.73–3.11) 1.38 (1.20–1.58)
Women 1.20 (1.06–1.37) 1.61 (0.66–3.92) 1.45 (1.21–1.75)
Men 1.14 (0.97–1.34) 1.36 (0.40–4.66) 1.28 (1.03–1.58)

Ever-smokers 1.14 (1.06–1.23) 1.35 (1.10–1.66) 1.20 (1.08–1.33)
Women 1.15 (0.98–1.34) 1.10 (0.72–1.68) 1.30 (1.01–1.66)
Men 1.14 (1.05–1.23) 1.44 (1.13–1.83) 1.17 (1.05–1.32)

a Values are risk ratios (95% CIs). Risk ratios have been adjusted for age, sex, race, cigarette smoking, exposure to passive cigarette smoke, body mass index, 
drinks per day of alcohol, education, and occupational exposure. Values in bold italics show Reanalysis Team results that differ from those reported by the 
Original Investigators. 

Table 26c. Adjusted Mortality Risk Ratios for the Most-Polluted Areas Compared with the Least-Polluted Areas for Deaths 
from All Causes, Lung Cancer, and Cardiopulmonary Disease by Gender and Smoking Status for Sulfate (19.9 �g/m3): 
Reanalysis Results for the ACS Study Based on the Revised ACS Cohorta

Study Group All Causes Lung Cancer Cardiopulmonary Disease

All combined 1.16 (1.10–1.23) 1.36 (1.13–1.65) 1.28 (1.19–1.40)
Women 1.20 (1.10–1.30) 1.22 (0.87–1.70) 1.42 (1.25–1.62)
Men 1.14 (1.05–1.22) 1.43 (1.13–1.81) 1.20 (1.08–1.31)

Never-smokers 1.19 (1.08–1.30) 1.87 (0.95–3.69) 1.37 (1.20–1.56)
Women 1.21 (1.08–1.36) 2.17 (0.96–4.88) 1.42 (1.20–1.67)
Men 1.14 (0.97–1.34) 1.36 (0.40–4.66) 1.28 (1.03–1.58)

Ever-smokers 1.15 (1.07–1.24) 1.33 (1.09–1.62) 1.23 (1.12–1.34)
Women 1.18 (1.04–1.35) 1.09 (0.75–1.57) 1.44 (1.17–1.78)
Men 1.14 (1.05–1.23) 1.44 (1.13–1.83) 1.17 (1.05–1.32)

a Values are risk ratios (95% CIs) which have been adjusted for age, sex, race, cigarette smoking, exposure to passive cigarette smoke, body mass index, 
drinks per day of alcohol, education, and occupational exposure. Values in bold italics show Reanalysis Team results that differ from those reported by the 
Original Investigators.
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The Original Investigators reported that lung cancer mor-
tality had not been associated with combustion-source air
pollution when fine particles (in 50 MAs) were used as the
pollution index; however, they had found an association
when sulfate (in 151 MAs) was used as the index. The Orig-
inal Investigators had considered whether the difference in
MAs might account for the different findings. To test this
hypothesis, they had restricted their analyses to the 47
MAs for which both sulfate and fine particle data were
available. Again, no association was found when fine parti-
cles were used as the pollution index. However, when sul-
fate was used as the index, the adjusted mortality risk ratio

for lung cancer was 1.20 (95% CI: 1.08–1.34) and for car-
diopulmonary disease it was 1.44 (95% CI: 1.11–1.86).
Using the same dataset as the Original Investigators, the
Reanalysis Team reproduced these results.

The Original Investigators had also reported that high,
low, and mean temperatures were not correlated with either
sulfate or fine particle pollution. However, they had found
that sulfate particle levels were slightly lower in both rela-
tively cold (normal mean temperatures lower than 50°F)
and relatively hot (normal mean temperatures higher than
60°F) MAs. When these weather indicator variables were
included in the risk models, the adjusted mortality risk

Table 27a. Adjusted Mortality Risk Ratios for the Most-Polluted Areas Compared with the Least-Polluted Areas for 
Deaths from All Causes, Lung Cancer, and Cardiopulmonary Disease by Gender and Smoking Status for Fine Particles 
(24.5 �g/m3): Original Results of the ACS Studya

Study Group All Causes Lung Cancer Cardiopulmonary Disease

All combined 1.17 (1.09–1.26) 1.03 (0.80–1.33) 1.31 (1.17–1.46)
Women 1.16 (1.02–1.32) 0.90 (0.56–1.44) 1.45 (1.20–1.78)
Men 1.18 (1.07–1.30) 1.10 (0.81–1.47) 1.24 (1.08–1.41)

Never-smokers 1.22 (1.07–1.39) 0.59 (0.23–1.52) 1.43 (1.18–1.72)
Women 1.21 (1.02–1.43) 0.65 (0.21–2.06) 1.57 (1.23–2.01)
Men 1.24 (1.00–1.54) 0.49 (0.09–2.66) 1.24 (0.93–1.67)

Ever-smokers 1.15 (1.05–1.26) 1.07 (0.82–1.39) 1.24 (1.08–1.42)
Women 1.10 (0.90–1.33) 0.95 (0.57–1.58) 1.27 (0.92–1.74)
Men 1.16 (1.05–1.29) 1.12 (0.83–1.52) 1.23 (1.06–1.43)

a From Pope et al 1995; corresponds to the right half of Table 3 in the original publication (reprinted with permission from the American Journal of 
Respiratory and Critical Care Medicine, the Official Journal of the American Thoracic Society; Copyright © 1995 American Lung Association). Values are 
risk ratios (95% CIs), which have been adjusted for age, sex, race, cigarette smoking, exposure to passive cigarette smoke, body mass index, drinks per day 
of alcohol, education, and occupational exposure.

Table 27b. Adjusted Mortality Risk Ratios for the Most-Polluted Areas Compared with the Least-Polluted Areas for 
Deaths from All Causes, Lung Cancer, and Cardiopulmonary Disease by Gender and Smoking Status for Fine Particles 
(24.5 �g/m3): Reanalysis Results for the ACS Study Using the Same Analytic Cohorta

Study Group All Causes Lung Cancer Cardiopulmonary Disease

All combined 1.17 (1.09–1.26) 1.03 (0.80–1.33) 1.31 (1.17–1.46)
Women 1.16 (1.02–1.32) 0.90 (0.56–1.44) 1.46 (1.20–1.77)
Men 1.18 (1.07–1.29) 1.10 (0.81–1.48) 1.24 (1.08–1.41)

Never-smokers 1.22 (1.07–1.39) 0.59 (0.23–1.52) 1.43 (1.18–1.72)
Women 1.21 (1.02–1.44) 0.65 (0.21–2.06) 1.58 (1.23–2.02)
Men 1.24 (1.00–1.54) 0.49 (0.09–2.66) 1.24 (0.93–1.66)

Ever-smokers 1.15 (1.05–1.26) 1.07 (0.82–1.39) 1.24 (1.08–1.42)
Women 1.10 (0.90–1.33) 0.95 (0.57–1.58) 1.27 (0.92–1.74)
Men 1.16 (1.05–1.29) 1.12 (0.83–1.52) 1.23 (1.06–1.43 )

a Values are risk ratios (95% CIs), which have been adjusted for age, sex, race, cigarette smoking, exposure to passive cigarette smoke, body mass index, 
drinks per day of alcohol, education, and occupational exposure. Values in bold italics show Reanalysis Team results that differ from those reported by the 
Original Investigators.
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Table 27c. Adjusted Mortality Risk Ratios for the Most-Polluted Areas Compared with the Least-Polluted Areas for 
Deaths from All Causes, Lung Cancer, and Cardiopulmonary Disease by Gender and Smoking Status for Fine Particles 
(24.5 �g/m3): Reanalysis Results for the ACS Study Based on the Revised ACS Cohorta

Study Group All Causes Lung Cancer Cardiopulmonary Disease

All combined 1.18 (1.10–1.27) 1.02 (0.80–1.30) 1.32 (1.19–1.46)
Women 1.19 (1.06–1.33) 0.89 (0.59–1.34) 1.45 (1.22–1.71)
Men 1.18 (1.07–1.29) 1.10 (0.81–1.48) 1.24 (1.08–1.41)

Never-smokers 1.24 (1.10–1.40) 0.73 (0.30–1.80) 1.43 (1.20–1.70)
Women 1.25 (1.07–1.45) 0.87 (0.30–2.52) 1.54 (1.24–1.92)
Men 1.24 (1.00–1.54) 0.49 (0.09–2.66) 1.24 (0.93–1.66)

Ever-smokers 1.15 (1.05–1.26) 1.04 (0.81–1.34) 1.25 (1.10–1.42)
Women 1.12 (0.95–1.32) 0.88 (0.56–1.39) 1.32 (1.01–1.72)
Men 1.16 (1.05–1.29) 1.12 (0.83–1.52) 1.23 (1.06–1.43)

a Values are risk ratios (95% CIs), which have been adjusted for age, sex, race, cigarette smoking, exposure to passive cigarette smoke, body mass index, 
drinks per day of alcohol, education, and occupational exposure. Values in bold italics show Reanalysis Team results that differ from those reported by the 
Original Investigators.

Figure 12. Age-, sex-, and race-adjusted population-based mortality rates
for 1980 plotted against mean sulfate air pollution levels for 1980. Data
are from metropolitan areas that correspond approximately to areas used in
the prospective cohort analysis. Original results from Pope and colleagues
1995 (Figure 1; reprinted with permission from the American Journal of
Respiratory and Critical Care Medicine, the Official Journal of the Amer-
ican Thoracic Society; Copyright © 1995 American Lung Association).

Figure 13. Age-, sex-, and race-adjusted population-based mortality rates
for 1980 plotted against median [not mean, as in the original publication]
fine particulate air pollution levels for 1979 to 1983. Data are from metro-
politan areas that correspond approximately to areas used in the prospec-
tive cohort analysis. Original results from Pope and colleagues 1995
(Figure 2; reprinted with permission from the American Journal of Respira-
tory and Critical Care Medicine, the Official Journal of the American Tho-
racic Society; Copyright © 1995 American Lung Association).
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ratios for deaths from lung cancer and cardiopulmonary
disease were 1.36 (95% CI: 1.11–1.66) and 1.23 (95% CI:
1.13–1.34), respectively, when sulfate was used as the pol-
lution index, and 1.05 (95% CI: 0.82–1.36) and 1.26 (95%
CI: 1.13–1.40), respectively, when fine particles were used
as the index. Aside from a minor difference in the risk ratio
for cardiopulmonary mortality of 1.24 (95% CI: 1.14–1.35),
the Reanalysis Team reproduced these results using the
same dataset as the Original Investigators.

When asthma deaths were included in cardiopulmonary
deaths, the risk ratio from sulfate changed marginally from
1.26 to 1.25 (95% CI: 1.15–1.36) and that from fine parti-
cles changed from 1.31 to 1.30 (95% CI: 1.16–1.44).

We also replicated their figures (Figures 1 and 2 in the
AJRCCM publication) using population-based mortality
rates for 1980 (adjusted for age, sex, and race) that were
provided by the Original Investigators and found no dis-
crepancies (Figures 12 and 13).

SUMMARY AND CONCLUSIONS

In Part I of the reanalysis of the Six Cities and ACS
studies, we used two methods to ensure the validity of the
original studies’ results: a data quality audit and a series of
validation analyses. As might be expected in studies as
large and broad as these, we found some small discrepan-
cies during the reanalysis. These discrepencies do not alter
in any substantive fashion the results of the original anal-
yses; thus, the Reanalysis Team is satisfied that the objec-
tives of this reanalysis have been satisfied and that the
original results are indeed correct as published.

The validation analysis subsequently conducted on
both studies using the same data and the same methods the
Original Investigators had used resulted in nearly com-
plete agreement with the original findings. Discrepancies
in the Six Cities Study were minor.

• Some typographic errors were found in the summary 
table in the Six Cities Study as reported in the NEJM. 
However, because those values had not been used in 
subsequent calculations, they had no effect on the 
findings of the study.

• Most of the discrepancies noted by the Reanalysis 
Team pertained to the estimates of pollutant levels; 
some of these are likely due to subtle differences in 
the order of calculations performed or in the software 
used.

• The validation analysis of the key results from the Six 
Cities Study attained complete agreement with all of 
the point estimates of the various rate ratios calculated. 

The only discrepancy we found was a minor typo-
graphic error in reporting the number of pack-years 
smoked.

• The Reanalysis Team updated the Six Cities cohort to 
include the missing person-years of observation iden-
tified through the data quality audit. Adding 928 per-
son-years of observation resulted in an increase of 14 
deaths in the six cities. Using the same methods of 
analysis as had been applied to the original cohort led 
to mortality rate ratios associated with exposure to 
fine particulate matter that were higher than those 
reported. For example, the original relative risk of 1.26 
for all-cause mortality increased to 1.28 after adjusting 
for early censoring of person-years. This adjustment 
increased the mortality rate ratio for cardiopulmonary 
disease from 1.37 to 1.43.

While reconstructing the ACS database to match the
information used in the original analysis, ACS staff and
the Reanalysis Team noted three errors in computer pro-
gramming: asthma deaths had been excluded from the
total cardiopulmonary deaths, a group of female former-
smokers had been excluded from the subcohort, and
female deaths had been censored earlier than they should
have been.

The Reanalysis Team reproduced the ACS results when
we used the same data as those used to derive the findings
reported in the AJRCCM. However, when we included the
group of female former-smokers and the female deaths and
asthma deaths that had been excluded, several differences
became apparent.

• The mortality risk ratios due to both sulfate and fine 
particle exposure increased slightly.

• The mortality risk ratios increased when we compared 
the most-polluted city with the least-polluted city.

• The mortality risk ratio due to sulfate exposure 
became significant for all causes of death for female 
ever-smokers.

One further discrepancy the Reanalysis Team noted in
both studies was that the methods the Original Investiga-
tors used to calculate CIs for mortality risk estimates
related to tobacco consumption were incorrect. These
methods had not been used for mortality risk estimates for
ambient air pollution in either of the two studies. The
Reanalysis Team chose to use a direct method, which
emphasized the dependence between the parameter esti-
mates, to calculate CIs on risk estimates for the effect of
tobacco consumption on mortality. The direct method
noticeably narrowed the CIs for the mortality estimates for
both studies.
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Overall, the Audit Team found that both studies had
been well conducted and well documented. The minor
errors that we found in the data would not have materially
impacted the data as published or the Original Investiga-
tors’ conclusions. The variables used in the original publi-
cations were valid. The error rate we calculated for each
variable in each study was less than 5% and not critical
from an epidemiologic standpoint with regard to changing
the estimates of relative risk. The audits of both studies
uncovered some systematic errors (Table 28). However, the
Reanalysis Team was able to reconstitute the cohorts using
the information from the data audits and carry out detailed
reanalyses that showed minor differences from original
findings.

The Reanalysis Team analyzed most of the data twice
using different statistical packages (S-PLUS and SAS) and
obtained the same results. This indicates that the numer-
ical results were not dependent upon the computer pro-
grams that were used to fit the Cox proportional-hazards
regression models in the Original Investigations.

Although Part I of the reanalysis of these two important
cohort mortality studies effectively confirms the numer-
ical results reported by the Original Investigators, a final
assessment of these two studies was conducted in Part II.

Whereas Part I of the reanalysis was based on the same
data and methods used by the Original Investigators, in
Part II of the reanalysis we tested the robustness of these
validated findings to different methods of analysis. We
also included additional data not considered by the Orig-
inal Investigators.
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APPENDIX A. Data Audit Standards, Goals,
and Plan

The practice of team auditing, which follows published
techniques (Hoover and Baldwin 1984), was selected for the
Reanalysis Project due to the scope of work. It is a robust
approach to auditing because it combines the resources and
expertise of individuals with different qualifications so the
final result is greater than any one individual with a single
expertise could have accomplished working separately.
Each team member was chosen for his or her expertise so
the group was not limited to the employees of any one
company. Preliminary results of the Reanalysis Project
audit were presented at the HEI Annual Conference in La
Jolla CA in May 1999 (Hoover et al 1999).

The Audit Team coordinator for the whole project was
Ms Kristin Hoover. She has more than 25 years of experi-
ence in developing and managing audits of projects for
organizations such as university research programs and
commercial analytical chemistry laboratories on topics
such as methods development, toxicology, and epidemi-
ology. Her recent efforts have involved quality assurance
monitoring and auditing for other HEI epidemiologic
studies related to air pollution.

Donna Foliart, MD, MPH, has been a subcontracting
consultant with Ms Hoover for previous HEI studies. Dr
Foliart obtained her MD with honors from the University
of California, San Francisco, in 1978, her MPH from Uni-
versity of California, Berkeley, in 1981, and is board certi-
fied in preventative medicine/occupational medicine
(1984). She is currently with the Public Health Institute in
Berkeley, where she is the principal investigator of a study
of childhood leukemia.

Warren White, BSc (mathematics, California Institute of
Technology), MS and PhD (mathematics, University of Wis-
consin), is an expert in air pollution monitoring data. He
has served in a variety of positions including OAS visiting
professor at the Institute of Pure and Applied Mathematics,
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National Research Council, Rio de Janeiro, Brazil; visiting
professor at Brookhaven National Laboratory; and is cur-
rently at Washington University, St Louis MO. Dr White’s
contribution to air pollution research is well known.

Ms Linda Calisti, BSc (University of Pittsburgh, 1971)
has over 20 years of experience in various types of audits
such as analytical chemistry, toxicology, and human clin-
ical research.

GOALS AND STANDARDS

The overall objective of this audit was to conduct an
independent, rigorous, retrospective, and defensible
assessment of the raw data from original source documents
and electronic data files from these studies to support the
efforts of the Reanalysis Team. In the book Quality is Free,
Crosby (1979) defines “quality” as conformance to require-
ments or standards (discussed in Hoover et al 1986). For
the purposes of this audit, the standards used are
described below.

Standards for the Retrospective Audits

Standards established by the Health Effects Institute for
this project were summarized in the following internal
project documents:

• The Health Effects Institute Epidemiology Reanalysis 
Project: Project Description (March 25, 1998);

• Statement of Specifications: Epidemiology Reanalysis 
Project Data Quality Audit; and

• Health Effects Institute Procedures for Quality Assur-
ance and Quality Control (February 20, 1997).

The investigators on the Reanalysis Team described the
following types of documents for the Audit Team to review
so we could assess the internal standards the Original
Investigators had established for their own studies.

Protocols for Each Study The Audit Team found no
formal study protocols for either study. Instead, we
audited the data against printouts of the electronic files
provided to the Reanalysis Team. In the original publica-
tions, we found information that would normally be con-
tained in a study design protocol and we audited the
studies according to the published information.

Internal Standard Operating Procedures Used in the 
Study The Audit Team found no procedural rules for
either study that were formally identified as Standard Oper-
ating Procedures. Therefore, we used whatever documenta-
tion existed for each study that explained the rules for data
collection, manipulation, and inclusion or exclusion for

analyses. For the Six Cities Study, we obtained four note-
books of coding rules that included discussions of coding
problems and associated corrective actions. We found no
explanatory documentation of coding for the ACS Study.
Therefore, the Audit Team determined the applied coding
conventions by inference.

Existing Quality Assurance Audits The Audit  Team
examined both internal and external audits for the Six
Cities Study, but none were available for the ACS Study.
However, the remaining contact at the ACS made available
some computer programming documentation; this person
had identified several programming problems, which were
discussed in the main report.

General Audit Plan (Applicable to Both Studies)

A detailed quality assurance plan was prepared before
the audit and submitted to HEI in March of 1999. The
Audit Team followed this plan for both studies with some
minor exceptions related to availability of documentation
or time constraints that could not have been foreseen when
the plan was developed. Ms Hoover acted as the principal
contact with HEI and was responsible for leading this
audit program. Teams were used for each onsite audit. The
Audit Team identified the following types of information
as applicable for a statistically relevant subset of data.

Organization and Personnel We used discussions with
study personnel and written records to determine how the
study had been organized and who had been responsible
for management of the data. In both studies, the analyses
were restricted to selected subsets of the cohort. The Audit
Team determined how the questionnaires, death certifi-
cates, and air pollution data had been filed and what
resources would be available to assist in the retrieval of
records. The Audit Team also determined what personnel
were still available who had actually worked on each
study or had the greatest knowledge of procedures.

Data Collection For the Six Cities Study, the Audit Team
evaluated the documentation of data collection and proce-
dural methods. We audited the data against the established
coding conventions and rules, and followed any changes
in coding. We examined (1) documentation of how any
discrepancies in coding had been resolved; (2) field
restrictions to determine how they had been utilized; and
(3) the circumstances and documents about “missing” data to
determine that each instance had been treated consistently.

For the ACS Study, none of these items were available
and we could not perform such a thorough audit.
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Computer Processing The Audi t  Team reviewed
changes to computer files to determine that they had been
implemented consistently and whether the requirements
as detailed in the published report had been followed. We
compared changes to hard copies against the computer
files and vice versa. We examined criteria for data reduc-
tion to ensure that they had been followed consistently.
When we found documentation of a discrepant data ele-
ment, we also examined the subsequent correction to the
electronic data files. We evaluated program conventions to
determine whether they had been consistently and cor-
rectly used.

Standard Operating Procedures Because no documents
could be identified as formal Standard Operating Proce-
dures, the Audit Team reviewed and followed other less
formal procedural documents and conventions. Ancillary
documentation was largely limited to the Six Cities Study.

Conformance with Audit Standards The Audit Team
worked in conjunction with the rest of the Reanalysis
Team to identify variables for audit in the validation and
sensitivity phases. We identified two random samples
from the electronic data files from the investigators: 250
individuals from each study for auditing questionnaires
and study population variables, and an additional 250
individuals from each study for auditing death certificates
and vital status. We compared the most original form of
data (ie, questionnaires, death certificates) to a printout of
the study population variables for each random sample in
each study to assure the accuracy of the information in the
computer file and that source records supported the
coding and entry of each variable. We compared the results
of this checking procedure to the published information
for each study.

Original Cohort Identification and City Selection 
Criteria The Audit Team’s original intention was to
inspect any records that explained criteria for including
and excluding cohort members. Methods for selecting sub-
jects in the Six Cities Study had been described in detail
by Ferris and colleagues (1979). Table 1 of that publication
(page 768) presented the methods for selecting subjects in
each city. Subjects had been selected at random on the
basis of household voting lists, private census lists, partial
blocks from street lists, or alphabetized names lists.

The Audit Team could not evaluate subject selection cri-
teria for the ACS Study because all selection of study sub-
jects had been made by ACS volunteers who had been
instructed to find subjects whom they could follow over
the next 7 years. Therefore, volunteers picked relatives,
neighbors, and friends whom they believed would fit the

criterion of long-term follow-up. No records of selection
criteria from volunteers could be found for auditing.
Although we could not confirm this by our audit, it is
likely that these volunteers selected individuals in similar
socioeconomic groups as themselves.

Data Audit The Audit Team considered a statistically
based audit to be the best approach. We adopted specific
procedures from methods proposed originally by Siconolfi
(1986). However, that publication did not provide
sufficient details as to the statistical theory behind the pro-
posed sampling approach. Rather than relying on pub-
lished tables such as those provided by Siconolfi or
Schilling and Sommers (1988), the Reanalysis Team per-
formed sample-size calculations to be used by the Audit
Team.

The purpose of these calculations was to determine the
optimal size of the random sample that would ensure that
the true error rate in the electronic data would fall within a
certain acceptable limit. We audited data for all variables
used in the original publications in both the verification
and the sensitivity analysis stages. The goal of the sam-
pling was to detect errors in each variable that would
meaningfully impact the interpretation of the results of the
regression analyses. On the basis of discussions with the
Original Investigators, we learned that the data collection
and quality control measures used in each study had not
changed over time in any significant way. Therefore, the
Audit Team concluded that stratifying the example by city
or other variable was necessary.

The Reanalysis Team investigated several aspects of the
sample size issue. First, we evaluated the probability of
finding errors in the data when, in fact, errors do exist. For
sample sizes that range from 10 to 250, Figure A.1 shows
the probability (statistical power) of detecting at least one
error in the sample as a function of the error rate in the
study population. For a sample size of 250, the probability
of detecting an error rate of 5% is close to 100%.

Second, the Reanalysis Team calculated the power of a
sample of a given size to distinguish between an error rate
of 5% or less and an error rate of greater than 5%. For
sample sizes that range from 50 to 1,000, Figure A.2 shows
the statistical power (on the ordinate) according to the true
error rate in the sample (abscissa). This figure shows that
the statistical power increases as the sample size increases,
although sample sizes over 250 offer very little gain. We
concluded from this that a sample size of about 250 should
be adequate to distinguish between an error rate of 5% or
less and an error rate of 10% or more. As indicated in Figure
A.3, a sample size of 250 would also be able to distinguish



96

Part I: Replication and Validation

between an error rate of 1% or less and error rates greater
than 5% with high probability.

Third, the Reanalysis Team took a more classical
approach to calculating sample size (Cochran 1977). We
assumed five different levels of “statistical precision”,
defined as one half the CI (from 2% to 6%) at a level of
statistical significance of 5%, and calculated what sample
size would be necessary to achieve each of these levels of
statistical precision. We considered error rates between
0% and 25%. We both included and excluded a term to
correct for sampling from finite populations. Figure A.4
shows the results of these calculations. Sample sizes
selected on the basis of a finite population were always
larger, although very little difference is apparent for levels
of statistical precision of 4% and higher. 

Fourth, in addition to the above calculations, we also
investigated the exact 95% CIs for sample sizes ranging
from 200 to 500. The Reanalysis Team found that the CIs

were very close for these sample sizes. For example, the
95% CIs for an error rate of 5% for sample sizes of 250 and
500 are 0.03–0.09% and 0.04–0.08%, respectively; for an
error rate of 1%, the CIs are 0.00–0.04% and 0.00–0.03%,
respectively. An important consideration in evaluating the
significance of errors in the original variables is the impact
of such errors on estimates of risk.

Results by Wang and colleagues (1994) for cohort mor-
tality studies involving computerized record linkage sug-
gest that the bias in risk estimates due to misascertainment
of vital status may lead to biases in risk estimates propor-
tional to the vital status error rate. Based on these results,
the Reanalysis Team adopted a rule of thumb that error
rates of less than 5% may not be of great epidemiologic
importance.

In conclusion, these calculations show that a sample
size of 250 was more than adequate for the purposes of this
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Figure A.1. Probability (statistical power) of detecting at least one error in
a sample of size n as a function of the error rate in the study population.
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Figure A.2. Statistical power of different sample sizes to reject the null
hypothesis of errors less than 5% in the data.
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Figure A.3. Statistical power of different sample sizes to reject the null
hypothesis of the error rate in the data being less than 1%.
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was assumed to be 5%.  Sample sizes were calculated both with and
without a correction for sampling from a finite population (FPC).
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data audit. For each of the two cohort studies, the Reanal-
ysis Team randomly selected, without replacement, two
samples of 250 each. (However, subjects selected in one
sample could also be selected in the other.) We used one
independent sample to audit death certificates, so that we
sampled only those persons declared to be deceased in the
original investigations. We selected the second indepen-
dent sample from the entire cohort used in the published
studies. Thus, it was possible for a subject to be included
in both samples audited.

APPENDIX B. Analytic Methods of the Harvard Six 
Cities Study and the American Cancer Society Study

In these original investigations survival analysis with
the Cox proportional-hazards model was used to estimate
relative risks of mortality associated with air pollution. In
this multivariate model, the ratio of the hazard function
of the unexposed population to the exposed population
provides an estimate of the relative risk. Formally, this
multivariate 56

model is expressed as:

�A(t) = �B(t) 	 exp( k

i=1
� �iXi + 
E) (1)

where��A(t) and��B(t) represent the hazard rates, as func-
tions of time, in the exposed and baseline populations,
respectively; Xi represents a series of potential con-
founding variables; and E represents the exposure to air
pollutants. The coefficients �i and 
, are estimated from the
pseudolikelihood function and represent the natural loga-
rithms of covariates. For example, exp(
E) for E evaluated
over the entire range (for sulfate in the ACS Study this was
19.9 �g/m3) represents the mortality risk for an increase in
exposure across the range of E. Both the ACS and Six Cities
studies used the Cox proportional-hazards model to esti-
mate risk. The variables used in each study are outlined
separately below.

AMERICAN CANCER SOCIETY STUDY

The manuscript by the original investigators (Pope et al
1995) describes the methods used in detail. The Cox propor-
tional-hazards model was applied using the survival time
from the date of enrollment. The survival times of those
who had not died were censored at the end of the study’s
follow-up period. The Cox proportional-hazards models
were stratified by 5-year age groupings, sex, and race, which
permitted a baseline hazard,��B(t), to be estimated within
each such stratum. A stratified Cox proportional-hazards

model can be expressed by extending the formula presented
in Equation 1 to read

(2)

where s represents the strata defined by one or more cate-
gorical variables. This model includes separate, but not
necessarily proportional, hazards for each stratum.

Separate models were fit for two air pollution variables:
the mean concentration of sulfate particle pollution for
1980 in the participant’s place of residence, and the
median fine particle concentration for 1979–1983 calcu-
lated from the dichotomous sampler network by Lipfert
and colleagues (1988). Scaling was applied so that the
parameter estimates would yield a relative risk for the
most-polluted area relative to the least-polluted area. For
sulfate particles, this factor was 19.9 �g/m3 and for fine
particles it was 24.5 �g/m3.

A comprehensive listing of potential confounding vari-
ables was entered into the multivariate model. The fol-
lowing variables were included to adjust for smoking
behavior: an indicator variable for current-smokers; an indi-
cator variable for pipe smokers, cigar smokers, or both;
number of years smoked for current-smokers; cigarettes
smoked daily for current-smokers; years smoked for former-
smokers; cigarettes smoked daily for former-smokers; and
number of hours per day passively exposed to smoke. Other
risk factors that were controlled for in the analyses included
BMI, drinks per day of alcohol, a dichotomous variable
indicating whether high school education had been
attained or not, and variables representing occupational
exposure to any of several substances (asbestos, chemicals
or acids or solvents, coal or stone dusts, coal tar or pitch or
asphalt, diesel engine exhaust, or formaldehyde).

Cox proportional-hazards models were used to derive
risk estimates for lung cancer (ICD-9 code 162), cardiopul-
monary diseases (ICD-9 codes 401–440), and all causes of
death. Risks were also calculated for current-smokers rela-
tive to never-smokers under the assumption that current-
smokers smoked 20 cigarettes per day for a period of
25 years.

HARVARD SIX CITIES STUDY

Similar methods were used in the Six Cities analyses
(Dockery et al 1993). Cox proportional-hazards modeling
was used with stratification by 5-year age groupings and
sex. The series of risk factors included in these models
were indicator variables for current-smokers and former-
smokers; number of pack-years of smoking (for current-
smokers and former-smokers separately); an indicator vari-
able for having attained high school education or not; a

�As
t� �

�Bs
t� �

--------------
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continuous-measure BMI; and binary variables denoting
exposure to dusts, gases, or fumes.

Mean concentrations of fine particles and the city of res-
idence were used as separate indicators of air pollution
exposure. That means the relative risk of mortality due to
air pollution exposure was evaluated in two ways. First,
indicator variables were created for each city of residence
by estimating the relative risk of mortality for each city
using Portage, the city with the lowest concentration of
fine particle air pollution, as the reference category. These
relative risks by city of residence were presented sepa-
rately for males and females.

Second, the Cox proportional-hazards model was used to
estimate the relative risk of mortality using a continuous
measure of the concentration of fine particles that included

all fine particle data regardless of city or year. The logarithm
estimates of relative risk were multiplied by 18.6 �g/m3 in
order to provide an estimate of the relative risk for residents
of the most-polluted city (Steubenville OH) relative to resi-
dents of the least-polluted city (Portage WI).

Cox proportional-hazards models were fitted for four
cause-of-death categories: all causes, lung cancer (ICD-9
code 162), cardiopulmonary disease (ICD-9 codes 400–
440, 485–496), and all other causes. In a separate group-
specific analysis, the Original Investigators calculated
mortality risks for current-smokers, assuming these indi-
viduals had accrued 25 pack-years of smoking compared
with never-smokers. Similarly, risks for former-smokers
were calculated assuming 20 pack-years of smoking.
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PART I APPENDICES AVAILABLE ON REQUEST

The following Appendices may be obtained by con-
tacting the Health Effects Institute at 955 Massachusetts
Avenue, Cambridge MA 02139, by phone (617-876-6700),
fax (617-876-6709), or e-mail (pubs@healtheffects.org).
Please give the full title of the Special Report, the Part I title,
and the titles of the Appendices you wish to request.

E. Computer Programs and Output Used in the Repli-
cation of the Original Analyses of the Harvard Six
Cities Study

F. Computer Programs and Output Used in the Replica-
tion of the Original Analyses of the American Cancer
Society Study
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MEASURES OF PARTICLES AND SULFATE

PM2.5 particulate matter 2.5 µm or smaller 
in aerodynamic diameter

PM2.5(DC) mean fine particle fraction from 
dichotomous samplers

PM2.5(DC MD) median fine particle mass concentra-
tion from dichotomous samplers

PM2.5(OI MD) median fine particle concentration 
used by the Original Investigators

PM10 particulate matter 10 µm or smaller in 
aerodynamic diameter

PM15 particulate matter 15 µm or smaller in 
aerodynamic diameter

PM15(DC) mean inhalable particle fraction from 
dichotomous samplers

PM15(SSI) mean inhalable particle fraction from 
high-volume SSI samplers

PM15–2.5 the coarse particle fraction of 
particulate matter [15-µm particles 
minus 2.5-µm particles]

PM15–2.5(DC) mean coarse particle fraction from 
dichotomous samplers

SO4
2– sulfate

SO4
2–

(cb-adj region) sulfate data for 1980–1981 inclusive, 
with region-specific adjustment for 
artifactual sulfate

SO4
2–

(cb-adj season) sulfate data for 1980–1981 inclusive, 
with season-specific adjustment for 
artifactual sulfate

SO4
2–

(cb-adj US) sulfate data for 1980–1981 inclusive, 
with US-specific adjustment for
artifactual sulfate

SO4
2–

(cb-unadj) sulfate data for 1980–1981 inclusive, 
unadjusted for artifactual sulfate

SO4
2–(DC) sulfate data from PM15(DC)

SO4
2–(OI) sulfate data used by the Original 

Investigators

TSP total suspended particles

TSP(IPMN) mean TSP mass concentrations based 
on IPMN data

OTHER TERMS

ACS Study the American Cancer Society Study

AIRS Aerometric Information Retrieval System

ARRCCM American Review of Respiratory and
Critical Care Medicine 

BMI body mass index

CaCO3 calcium carbonate

CAPITA Center for Air Pollution Impact and Trend 
Analysis

CASAC Clean Air Science Advisory Committee

CI confidence interval

CO carbon monoxide

CPS-II American Cancer Society’s Cancer 
Prevention Study II

DC measurement from a dichotomous sampler

df degrees of freedom

EPA US Environmental Protection Agency

FP+CP fine particles + coarse particles

FVC forced vital capacity

H+ aerosol acidity 

HSPH Harvard School of Public Health

IARC International Agency for Research on 
Cancer

ICD-9 International Classification of Diseases, 
Ninth Revision

IP inhalable particles

IPMN Inhalable Particle Monitoring Network

JAWMA Journal of the Air and Waste Management 
Association

MA metropolitan area

MD median

MSA metropolitan statistical area

NAAQS National Ambient Air Quality Standard

NAD National Aerometric Database

NDI National Death Index

NEJM New England Journal of Medicine

NO2 nitrogen dioxide



244  

Abbreviations and Other Terms

NOAA US National Oceanic and Atmospheric 
Administration

O3 ozone

OSI Office of Scientific Integrity

r bivariate correlation coefficient

range the difference in mean concentrations 
between the most-polluted city and the 
least-polluted city

RR relative risk

SAS Statistical Application Software

SID subject identification number

Six Cities
Study the Harvard Six Cities Study

SO2 sulfur dioxide

SSI high-volume sampler with size-selective 
inlet

SSN Social Security Number
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